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Summary 
This thesis describes the development and characterisation of a variety of novel 
capacitive ultrasonic transducers for use in air-coupled and immersion applications. The 
first sections of this thesis examine the fabrication and initial characterisation of novel 
fully micromachined transducers. These devices, produced using a silicon surface 
micromachining process, consisted of a large laterally dimensioned (up to 5mm square), 
silicon nitride membrane, typically O.S-2I1m in thickness, above a nominal 211m air gap. 
Typical operation in air was observed in the MHz region. The effects of membrane 
thickness and size were studied, as well as the effect of applied bias voltage. Differences 
between batches of devices were investigated. Their dynamic membrane displacements 
were measured using interferometric techniques. When driven with transient voltages 
typical displacements of a few nm were observed. Their radiated fields were also 
investigated, and compared to plane piston approximations, calculated with a Matlab™ 
program. Good agreement was found. 
This thesis also describes the development and characterisation of three novel air-
coupled focusing transducers. Two of these devices utilised shaped backplates, one 
being cylindrically concave, and the other conically concave, to produce lines of focus. 
The third device utilised an off-axis parabolic mirror to produce a point of focus. The 
development and characterisation of each is described. Their frequency responses were 
measured, and found to be comparable with similar planar transducers. Experiments 
were devised to measure their vertical and lateral resolutions, the latter typically being 
found to be approximately a wavelength of their centre operating frequency (-500kHz). 
Their radiated peak sound pressure fields were measured, and for the cylindrical and 
conical device compared to theoretical plane piston approximations calculated with a 
Matlab™ program, with good agreement of form being found. Finally. all three 
transducers were used to create 3-D images of a two pence coin, using amplitude and 
time of arrival data. Reasonable images resulted. 
The final section. examines the development of an immersion transducer. This 
was characterised as both source and receiver, showing increases in both bandwidth and 
frequency response than when used in air. The effects of backplate surface properties on 
the characteristics of the device were studied. using a range of roughened, polished, and 
photolithographic metallic backplates. In addition, the effect of applied bias was also 
investigated. Sound pressure fields were measured, using both broadband and 
narrowband tone burst excitations. and compared to theoretical predictions from plane 
piston theory. These were calculated using a Matlab™ program, with good agreement 
found. The transducer was then used to produce pulse-echo C-scan images of artificially 
induced machined defects in Perspex and aluminium plates. Excellent images resulted. 
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1 Introduction 
1.1 Introduction 
Sound is the coordinated oscillation of molecules, which can travel through 
solids, liquids, and gases. The word sound can also be used to describe the auditory 
sensation produced by the human ear due to the detection of the vibration of these 
molecules. Sound is also an important mechanism through which humans, and the 
majority of the animal kingdom, communicate, taking the form of a set pattern of noises, 
or frequencies. The frequency of vibration of the molecules,/. hence that of the sound, is 
related to the speed of propagation of the wave in the medium, c, and the wavelength of 
the oscillation, A. by the following: 
f - c/ -12 . (1.1) 
The acoustic signal is said to be ultrasonic if its frequency of oscillation is in 
excess of approximately 20 kHz, and infrasonic if it is below 20 Hz. These figures relate 
to the range of hearing of an average young person, whose ears would interpret a 
vibrational disturbance in the range 20 Hz - 20 kHz as a sound. Hence, ultrasound is a 
vibrational movement of molecules at frequencies above the audible range of humans. 
However, other animals such as bats, porpoise, whales, and dolphins have all found 
ultrasound useful for probing places where light is unavailable. This technique has been 
replicated by humans in SONAR (SOund Navigation and Ranging) systems for location 
of submerged objects. 
Ultrasound is also very useful as a measurement tool for applications such as 
position, thickness, distance, and flow measurement. It can also be used for the non-
destructive evaluation (NDE) of materials to detect defects such as cracks, voids, 
delaminations, and in the medical profession, for diagnosis, imaging and therapeutic 
applications. 
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This chapter begins with a brief history of ultrasonics. This is then followed by 
an overview of the basic properties of ultrasound such as transmission mechanisms 
through a medium, atmospheric absorption, and the radiation patterns from a source 
transducer. The final section gives an overview of the remaining chapters of this thesis. 
1.2 Ultrasound - A brief history 
One of the first pioneers to report producing ultrasound was Ruldolph Koenig, in 
around 1850. He constructed a number of devices, such as organ pipes, and tuning forks 
to produce sound from about 4kHz to 90kHz, to determine the upper frequency range of 
human hearing. Approximately 30 years later, in 1883, P. Galton developed an 
ultrasonic whistle, again for investigation of the upper limit of human hearing. This was 
in improvement over Koenings instruments, because its frequency could be continuously 
altered by changing the size of a resonant cavity within the device. During this period, in 
1877, Lord Rayleigh published his famous book 'The theory of sound' [1]. 
The big breakthrough for ultrasound technology came in 1880, when French 
physicists Pierre Curie and his brother Jacques Curie discovered the piezoelectric effect 
[2]. This discovery revealed that if pressure were exerted on a quartz crystal, an electric 
charge would appear on its faces (hence its name from Greek, piezo = to press). 
Conversely, if the crystal were placed in an alternating electric field, it would deform and 
oscillate. However, the importance of this discovery in ultrasound generation and 
reception was not realised until approximately 30 years later, in 1912, after the sinking of 
the Titanic. This tragic accident triggered new thought into underwater object detection 
systems. Such a system was proposed soon after the catastrophe by Sir Hiram S. Maxim, 
an American engineer and inventor in an interview with Scientific American. This, 
together with the outbreak of World War I, dramatically increased research in this area. 
By 1918, a high power SONAR system was developed by M.C. Chilowski, a 
Russian engineer and Paul Langevin, a French physicist to detect submerged German 
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submarines [3]. They demonstrated that higher acoustic intensities could be achieved by 
using piezoelectric transducers operating at resonance. 
After the war, in the 1920's, Sokolov, a Russian scientist working at the 
Electrotechnical Institute of Leningrad, was one of the first to propose that ultrasound 
could be used as a non-destructive evaluation (NDE) technique to detect flaws within 
solid objects. Over the following two decades, a number of systems were developed for 
this task. One worthy of note here was called the Ml, and was one of the first pulse-echo 
systems, developed by Messers Kelin and Huges in England. It wasn't until the early 
1940's when ultrasound was first applied in medical diagnosis. In 1942 Karl Dussik, 
who is generally regarded as the first person to use ultrasound as a diagnostic tool, along 
with his brother, Friederich, published a paper describing a technique to locate tumours 
within the brain [4]. 
The outbreak of World War II triggered technological developments in radar, 
which were soon adapted for use in improved SONAR systems. After the war, in 1949, 
Josef and Herbert Krautkramer produced the first German version of a pulse-echo flaw 
detector. The late 1940's and 50's saw new developments in valve technology, that lead 
to increased frequencies, shortened pulse lengths, and improved sensitivity of these 
instruments. There use in medical diagnosis was now becoming increasingly widespread 
with the introduction of a number of commercial instruments. The 1960's and 70's, saw 
the introduction of the transistor into commercial equipment, further improving the 
performance of such systems. 
Up until now, piezoelectric transducers were the only type of ultrasonic transducer 
in common use. Materials were generally tested using either a contact method, where 
the transducer(s) were held against the sample usually with some form of a coupling gel, 
or while in immersion, using water (or some other suitable liquid) as the coupling 
medium. However, in the 1980's, the advantages of non-contact inspection methods 
were being realised; removing the need for the expensive couplant gels, or the 
immersion tank, which could be impractical in some cases. These new 
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systems required transducers capable of transmitting and receiving high frequency, 
broadband ultrasound in air. Even with the high power amplifiers and high gain 
receivers, piezoelectric materials were found generally unsuitable, due to their large 
impedance mismatch with air. Various techniques were (and still are) being tried to 
improve their performance (this is discussed further in Chapter 2). Capacitive (or 
electrostatic) transducers, however, were found to be a good alternative, offering high 
sensitivities, and bandwidths over their piezoelectric counterparts. It is the development 
of these capacitive transducers, for air and immersion applications, that is the focus of 
this thesis. 
1.3 Basic properties of ultrasound 
1.3.1 Introduction 
This section contains an overview of the basics of the properties of ultrasound 
(equally applicable to sound as well). The purpose is to introduce the theory relevant to 
the work described in later chapters. 
1.3.2 The propagation of ultrasound through a medium 
As stated earlier, ultrasonic radiation is the propagation of a vibration through a 
medium at frequencies in excess of that audible to humans (approximately >20kHz). It 
is a wave phenomenon, in that each particle of the medium vibrates in some way and 
passes its energy onto its neighbours, while remaining near its original position (except 
in the special case of fluid streaming). 
In gases, and the majority of liquids, this movement of the particles is always 
parallel to the direction of travel and is known as a longitudinal wave. However, in 
solids, (and a very few viscous liquids), a so-called shear (or transverse) wave can also 
exist, where motion of the particles is perpendicular to the direction of the wave. 
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Schematic diagrams illustrating the mechanisms of the longitudinal and shear wave are 
shown in Figure 1.1 (a & b) . 
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Figure 1.1: Schematic diagram showing the particle movement in, (a) a longitudinal 
wave, (b) a shear wave. 
The velocity of propagation of a longitudinal wave, CL, is dependent on the 
materi al properties, and for a solid is given by: 
E(I - a-) (1.2) 
where, a- is the Poisson's ration, p is the density, and E is the Young's modulus of the 
material. In addition, for the shear wave, the velocity of propagation can be calcul ated 
from : 
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(1.3) 
where, again, (Tis the Poisson's ration, p is the density, and E is the Young's modulus. 
For dry air, at O°C, and at standard pressure (101.325 kPa), a number of exact 
values have been proposed for velocity of wave propagation, c. These have ranged from 
331.29 ms- t [5] to 331.46 ms- t [6]. The actual value has been the subject of some debate 
[7,8], but it is now regarded as being between 331.44ms- t and 331.46 ms- t • For the work 
presented in this thesis, it was assumed to be 331.44ms- t • 
This velocity depends on a number of factors, namely, temperature, pressure, 
humidity, and frequency [9, 10]. However, for an approximate calculation, the effects of 
pressure, humidity, and frequency can be neglected, and can be calculated by the 
following equation: 
c = 331.44~T 1273.16 (1.4) 
where, T is the air temperature in degrees Kelvin. So, at 20°C (293.16°K), the velocity 
of sound is approximately 343.4 ms- t • 
The passage of sound waves through a medium causes an acoustic pressure, p, to 
be created. This can be calculated from: 
p =zv (1.5) 
where, v is velocity of the motion of the particles, and is called the acoustic particle 
velocity, (not to be confused with c, the wave propagation velocity), and z the specific 
acoustic impedance of the medium. This impedance is generally a complex quantity, due 
to the possible phase shift between the acoustic velocity and pressure. The real part of z 
is known as the characteristic impedance, Z, or acoustic resistance (the electrical analogy 
being electrical resistance), and is related to the density of the medium, p, and the 
velocity of wave propagation in that medium, c, by: 
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z=/X (1.6) 
The intensity of an ultrasonic wave is the average rate of flow of energy through 
an area normal to the direction of wave propagation [11]. This can be either calculated 
from the pressure: 
(1.7) 
or, from the particle velocity, v, by substitution of equation 1.5 into 1. 7: 
(1.8) 
Shear and longitudinal waves are not the only modes of ultrasonic wave 
supported in a medium. Other, more complex waves can exist. In a solid, surface waves 
(or Rayleigh waves) [1,12]' can be generated, where the particles on the surface of the 
solid move in an elliptical motion, changing to a circular motion further in from the 
surface. Similar waves can also exist between the interface of two solid materials 
(Stonely waves [13]), and within thin layers coated onto a solid (Love waves [14]). Thin 
plates can support waves called Lamb waves (or plate waves) [12,15]. There are two 
fundamental types of Lamb wave, namely symmetric (stress), and asymmetric (bending) 
waves. As detailed knowledge of these is not required for this thesis, they will not be 
described further. 
1.3.3 Propagation of ultrasound through an interface 
When ultrasound strikes an interface between two media (with differing acoustic 
impedances), reflected waves arise, and for angles of obI ique incidence, refracted waves 
also exist (as in optics). In the latter case, so-called mode conversion may also take 
place, where, for example, longitudinal waves in air may be converted to shear or surface 
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waves in a solid (or vice-versa). This phenomenon is of considerable importance fo r 
NDE applications. The ratio of the intensity of the refl ected wave to the transmitted 
wave is called the refl ection coeffi cient, and likewise, the ratio of the transmitted wave to 
the refl ected wave, the transmiss ion coeffi cient. For the case when the impinging 
ultrasound is perpendicul ar to the interface between two medi a, A and B, with 
impedances of ZA and ZB (see Figure 1.2), the transmiss ion, T, and refl ection, R, (power) 
coeffi cients can be calcul ated from: 
Incident Transmitted 
Wove Reflected Wove 
Wove 
Medium A 
Z. 
Medium B 
Ze 
(1.9) 
(1.10) 
Figure 1.2: Transmission and reflection of a perpendicular incident ultrasonic wave on 
the boundary between two media. 
When the impinging ultrasound is at oblique incidence to the interface, at an angle 
at to the normal of the boundary (Figure 1.3), then the directions of the refl ected and 
transmitted waves are determined by Snell 's law of refraction (primarily used for optics 
but applicable to any wave propagation phenomenon) given by: 
(J.JI) 
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where, CA and CB are the acoustic velocities in materials A and B respectively, ai is the 
angle of the incident wave, and at the angle of the transmitted wave to the to the normal 
of the boundary. 
Reflected 
Wove 
Incident 
Wave 
u, 
Medium A 
cA 
Medium B 
ca 
Figure 1.3: Reflection and refraction of an incident plane wave at an inter/ace between 
two media. 
1.3.4 Ultrasonic absorption 
The mechanism of the transmiss ion of ultrasound through a material can be 
described as the elast ic deformation of individual particles of that medium. This transfer 
of energy between particles is not 100% effi cient, due to effects such as internal friction 
(i.e. viscosity in liquids) and thermal conductivity. This results in a finite amount of the 
oscillation energy being converted to thermal energy; hence, the ultrasonic signal is 
attenuated (or absorbed) as it propagates through that medium. 
Accurate calculation of this absorption can be complex due to the various energy 
diss ipation mechanisms (as many as 24 in air [16]). Air is especiall y problematical 
because of its nature as a vari able mixture of gases, mak ing an accurate ca lcu lat ion of 
ultrasonic absorption difficult [17]. However, there have been a number of studies [18-
20] that found there are only two main mechanisms of absorption. The first is known as 
class ical absorption, and is due to the aforementioned case of the internal friction 
between the molecules of the gas and its thermal conducti vity, wh ile the second is known 
as relaxation loss. This is caused when the translation energy (of the ultrasonic wave) is 
9 
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absorbed into the gas molecules themselves, as internal rotational and vibrational energy 
states. Hence, the overall absorption loss in air is given by: 
(1.12) 
where, acl is the classical absorption, CXrot the rotational relaxation loss, aYib.O and aYib.N 
the vibrational relaxation loss due to oxygen and nitrogen respectively. All of these 
terms are frequency and temperature dependent. Only the vibrational relaxation loss 
terms, aYib.O and aYib.N, are dependent on humidity [21]. Data for dry air at standard 
temperature and pressure (STP) is given in Figure 1.4, (from ANSI standard (S1.26) 
[21]). Note that the classical absorption and rotational relaxation loss has been lumped 
together as a rotational plus classical term, aero It can be seen from Figure 1.4, that at 
frequencies in excess of 300kHz this term becomes the dominant mechanism in the 
absorption of the acoustic wave. Hence, as the relaxation loss terms can be neglected at 
higher frequencies, humidity has no effect on the overall absorption. 
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Figure 1.4: Absorption coefficient for acoustic waves in air at 293.15 K (20 'C), 
10J.325kPa and 70% relative humidity (after ANSI S1.26-1978 [21]). 
Bass et al [17] evaluated a relationship between the classical plus rotational 
absorption term, temperature, and pressure, from experimental data. This was as 
follows: 
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( T L)Yz 2 
a =15895xlO-1I. ITo ·f 
cr' (~) (1.13) 
where, acr is the absorption due to classical plus rotational mechanisms (dB/m) , T the 
measured temperature, To the reference temperature (293.15 K), P the measured 
pressure, Po the reference pressure (101.325 kPa), andf the frequency of the ultrasonic 
wave. This equation is valid for air at a temperature between 0-40°C, and with pressure 
below about 2 atmospheres (-200 kPa). It should also be noted that the attenuation is 
proportional to the square of the frequency. 
Figure 1.5 shows an example of absorption in air, and shows the effect on an 
infinitely broadband signal (with an arbitrary initial amplitude of unity) after passing 
through 20mm of air, at STP. It can be seen that the air has a low-pass filtering effect on 
the ultrasonic signal, with a -6dB cut-off at approximately l.4MHz. This demonstrates 
that for a practical air-coupled ultrasonic system the upper frequencies are limited to 
around 2MHz, over which excessive absorption occurs. 
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Figure 1.5: Theoretical amplitude of an infinitely broadband signal attenuated by 
transmission through 20mm of air at STP. 
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1.3.5 Radiation beam pattern from a source 
For the development of an ultrasonic measurements sys tem, some knowl edge of 
the sound fi eld emanating from its source(s) is important. Systems may require 
transducers with narrow beams, while others may require wider fi elds of view. The 
angle of divergence (see Figure 1.6) of the transmitted beam is controlled mainly by 
diffraction, and can generall y be determined by the rat io of the size of the transmitting 
source to the wavelength, A, of the produced ultrasound [22]. For a transducer with a 
circular aperture of diameter, D, the divergence angle, a, of the beam can be 
approximated by: 
sine ;:::; 1.22~ 
D 
(1.14) 
Hence, with a fi xed wavelength a larger di ameter transducer would produce a less 
divergent beam. Likewise, for the same diameter transducer, a shorter wavelength 
(hence higher frequency) signal would also have the same effect. 
z 
Source 
Figure 1.6: Angle of divergence, 0, of the soundjield emanating from a cylindrical 
transducer due to diffraction. 
For the theoretical prediction of the sound fi eld emanating from a source, a planar 
piston in an infinite ridged planar baffle solution is commonly used. In thi s instance, it is 
assumed that the transducer resembles a uniform vibrating piston held within an 
infinitely large 'wall ', or ridged planar baffle. The purpose of the baffle is to prevent 
acoustic signals travelling from the rear of the piston around to the front. The 
arrangement is shown schematica ll y in Figure 1.7, along with the geometri c system 
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Figure 1.7: Schematic and geometry of the circular plane piston in an infinite planar 
baffle approximation. 
used. Huygens' principal (primarily used in optics) [23], can then be app lied, where the 
surface of the piston is imag ined as being comprised of an infinite number of point 
sources, each producing a hemispheri cal wave. A surface integral can then be 
performed, summing the contributions of each of these indi vidual elements to give the 
velocity potential ¢ at a point, M(r,z) . This method was first demonstrated by Lord 
Rayleigh [1], and is hence known as the Rayleigh integral: 
(1.] 5) 
where, r' is the distance between the observation point, M. and the elementary points dS 
on the surface of the piston, and vo{t) the normal parti cle veloc ity at the front of the 
source. The pressure, p(M,t) at point M can be obtained from the ve locity potential by: 
p(M,t) = p d¢ (M,t) 
dt 
where, p is the density of the medium. 
(1.16) 
Later work by Oberhettinger [24] and Stephanishen [25] treated the problem 
using an impulse response method. This essentiall y defined the velocity potential as a 
13 
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convolution of the instantaneous particle velocity vo(t) with a function, h(r,t), known as 
the velocity impulse response: 
(1.17) 
where, * represents a convolution operation in the time domain. The velocity impulse 
response function h(r,t) is fundamentally a spatial integration and is given by replacing 
the particle velocity, vo(t), in equation 1.15, with a Dirac delta (or impulse) function J{t): 
h(M,t) = _1 r5(t -r' Ie) dS 
2" s r' 
(1.18) 
For the case of the circular piston source, Oberhettinger [24] was one of the first 
to report a numerical solution for the velocity impulse response. This is as follows; for 
the case r<a, where a is the radius of the source, and r the radial position of the 
observation point (i.e. the observation point, M, is directly in front of the piston source) 
the impulse response is given by: 
h(M,t) = 0, 
= e, 
(1.19) 
= 0, 
and, for the case r>a (i.e. the observation point is beyond the edge of the piston source): 
h(M,t) = 0, t < t z, 
= -cos I 
C _[C't'-z'+r'-a'} 
7C 2r{e 2t 2 _zZ in t z <t<t3' 
(1.20) 
= 0, t3 <t 
and, for the case where r=a (i.e. the observation point is on the boundary between the 
piston and the baffle: 
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h(M,t) = 
(1.21) 
= 0, 
where, the times, tJ, t2, t] are defined as: 
(1.22) 
These represent the transit times for the plane wave from the centre of the 
transducer, t1, and the times for waves from the nearest edge, t2, and the furthest edge, t3 
(known as edge waves). These are illustrated in Figure 1.8. This demonstrates that the 
impulse response at point M, is a combination of the plane and edge wave components. 
This is shown more clearly if equation (1.19) is re-written as: 
(
c) _1[C 2t 2 _Z2 +r2 _a 2] h(M,t) =cH(t-tl ) + - cos 2 2 2 1/2 H(t-t2 )H(t3 -t) 2" 2r (c t - z ) (1.23) 
= (Plane wave component) + (Edge wave component) 
where, H(t) is the Heaviside step function, which is defined as unity for t>O and zero for 
all other cases. 
It should be noted, from equations (1.20) - (1.22), that when the observation 
point, A-l, is beyond the edge of the piston, (i.e. r>a) there is no contribution by the plane 
wave to the impulse response, and in the special case when M is on the edge of the piston 
(i.e. r=a) the plane wave contribution is cl2. 
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Figure 1.8: Plane and edge wave transit times to point M 
The aforementioned impulse response method is idea lly suited to fast 
computation of the sound pressure fi elds. This was first proposed by Lockwood and 
Willette [26] who computed three-dimensional theoretica l pressure plots for a circul ar 
source. The advantage of this method is that once the impulse response field for a 
transducer has been calculated, the velocity potential and , hence, the resultant pressure 
fi eld, can be eas ily and effi ciently computed for a variety of piston surface ve locities. 
A numerical example is shown in Figure 1.9, as a pressure fi eld plot for a 10mm 
diameter circu lar piston driven by (a) a 500kH z, 10 cycle tone burst, and (b) a broadband 
transient (centre frequency 500kHz) piston surface velocity. The two plots show a 
characteristic shape, consisting of two distinct regions. The first, in close proximity to 
the source, is known as the near fie ld region, where constructi ve and destructive 
interference occurs. The area further away from the source, where the pressure 
amplitude eventually decays away to zero, is known as the far fi eld region .. These areas 
are more clearly shown in Figure 1.10(a & b) , which shows the on-ax is pressure (i.e. 
r=0) for the 10mm source with the same driving conditions as before. The differences 
between the broadband transient, and the more narrow tone burst plot are most ev ident in 
the near fi eld region, with greater variations in pressure present in the latter case. Side 
lobes are also ev ident in the tone burst case (Figure 1.9(a» while not for the broadband 
transient case (Figure 1.9(b». The reduced interference in the broadband case is simply 
due to the lower number of drive cycles over time, hence there being less time 
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Figure 1.9: Theoretical sound pressure filed plots (in air) for a 10mm diameter circular 
piston Source driven by (aJ 10 cycle 500kHz tone burst, (b) broadband transient (centre 
500kHz) 
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for interference to occur. In addition, shorter pulses cannot completely cancel each 
other, where longer or continuous waves can. It should also be noted that for an accurate 
theoretical sound pressure field plot, atmospheric absorption should also be taken into 
consideration. 
The region between the near and far field is known as the far field / near field 
boundary. This occurs at a certain distance from the source transducer, at the last 
maxima before the pressure decays to zero. This distance, N, is approximated by the 
following equation: 
(1.24) 
where, a is the radius of the transducer, and A the wavelength of the emitted ultrasound. 
Thus, for the above example, a=5mm and A=O.68mm (in air), so N:d6.76mm, 
comparing favourably with Figure 1.10(a & b). 
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Figure 1.10: On axis theoretical pressure field plots (in air) for a 10mm diameter 
circular piston source with, (a) 500kHz 10 cycle tone burst, and (b) broadband (centre 
500kHz) transient surface velocities. 
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As stated prev iously, the above solution is for a transducer with a circular 
aperture. However, work discussed in later chapters required a solution for a source with 
a rectangular aperture. Derivation of the pressure field in this case is slightly more 
complex, due to the non-circular symmetry of the transducer. 
This problem was examined explicitly by Freedman [27] in 1960. His approach 
was to use phase approximations to calculate the resultant pressure field. However, these 
approximations had a limited (spatial) range over which these were valid. Later work 
(1972) by Lockwood and Willette [26] derived a closed form solution for the impul se 
response of a rectangular piston source, using the aforementioned impulse response 
method. This was an extension to the work done previously by Stephanishen [25]. More 
recently, however, there have been more developments [28-32]' spurred on by the ever-
increas ing use of imaging and phased array structures usuall y consisting of rectangular 
shaped elements. These methods have mainly focused on producing faster, more 
efficient, methods of computing the resultant pressure field [31] . 
For the work described in later chapters, the theoret ica l method proposed by 
Emeterio and Ullate [29,30] was used . This method gives an exact express ion fo r the 
velocity impulse response, h(t) . As in the case of the circular source, the analytica l 
express ion used depends on the geometrical position of the observation point, M, and the 
time interval, t. Figure 1.11 shows a schematic of the piston, and the geometri cal 
I I 
I I 
P[x,y,z), 
• a rbitrary 
point 
~-+_-+-__ z.. 
Figure 1.11: Schematic and geometry system of the rectangular p lane piston in an 
infinite planar bajjle approximation. 
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system used. The larger side length of the rectangle is defined as 2a and the shorter as 
2b. The theory defines four geometrical regions; I: x2:a, y;;:i); II: x51l, y;;:i); III: x2:a, ysb: 
IV: x51l, ysb. There are also four time intervals, each corresponding to the times of the 
edge waves from the four sides of the rectangle. For a complete description, please refer 
to the literature. 
Figure 1.12 shows a numerical example, as a computed sound pressure field plot 
from a 10mm square piston oscillator driven by (a) 10 cycle 500kHz tone burst, and (b) a 
broadband transient (with centre frequency of 500kHz) surface velocity. The pressure 
fields again contain two distinct regions, with the far field / near filed boundary clearly 
visible in both instances. However, examination of the near field region (for the tone 
burst case) shows fewer variations in the sound pressure than for that produced by the 
circular source (Figure 1.9(a». Figure 1. 13 (a & b) illustrates this more clearly as an on-
axis plot of pressure for both cases of drive condition. This less pronounced interference 
(compared to the circular transducer) is due to the non-circular symmetry of the square 
transducer, and hence differing time intervals for the arrival of the edge waves. As in the 
field plot for the circular transducer, the broadband signal produces less variation in the 
pressure field than that of the tone burst drive for the reasons described previously. 
Comparison of the on-axis pressure plots for the circular and square sources 
(Figure 1.10 & Figure 1.13), reveals that the position of the far field / near field 
boundary, N, has changed. The boundary distance, N, for a rectangular transducer is 
given by: 
(1.25) 
where, h, is a factor that depends on the ratio of the side lengths of the transducer (bla) 
and is given in Table 1.1. Thus for the above example, a=5mm, A=O.68mm, h=1.37 (bla 
=1), soN~50.4mm. This compares favourably with Figure 1. 13 (a & b). 
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Figure 1.12: Theoretical sound pressure/ield plots/rom a 10mm square piston source 
driven by (a) 500kHz 10 cycle tone burst, (b) broadband transient (centre 500kHz) 
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150 200 
150 200 
Figure 1.13: On axis theoretical pressure field plots {in air} fora 10mm square piston 
source with, (a) 500kHz 10 cycle tone burst, and (b) broadband (centre 500kHz) 
transient surface velocities. 
Ratio of the h 
sides (b/a) 
1.0 1.37 
0.9 1.25 
0.8 1.15 
0.7 1.09 
0.6 1.04 
0.5 1.01 
0.4 1.0 
0.3 0.99 
0.2 0.99 
0.1 0.99 
Table 1.1: Factor h values for the calculation of the far field / near field boundary 
distance, N, for rectangular piston oscillators (after Krautkriimer, Krautkriimer [22]) 
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1.3.6 Focusing of ultrasound 
It is often necessary to focus ultrasound, for applications such as imaging [33], or 
creating regions of high intensity, such as for studying the cavitation of liquids [34]. A 
transducer is usually defined as focusing if the width of its beam is reduced to a size less 
than the diameter of the transducer. There are various methods used to achieve this 
focusing, such as acoustic lenses, reflection off curved mirrors, etc. Another method is 
to shape the front face of the device. For a transducer of radius a, with a spherically 
concave face, of radius of curvature, r, the on-axis pressure, at position z, is given by 
(from [35]): 
P = Po 1~£ Sin[~( ~(z -h)' +a' -z)] (1.26) 
r 
where, z is the axial position (m), a is the radius of the source, and h is given by the 
following: 
(1.27) 
A plot of the on axis absolute pressure, calculated using Equation (1.26) and 
(1.27), is shown in Figure 1.14 for a spherically concave plane piston source. Two plots 
are shown, one with the radius of curvature, r=60mm and the other r=20mm. The 
positions of these geometrical points of focus are also shown on the plot as grey lines. It 
can be seen that the for the plot with r=20mm, the position of maximum pressure is 
approximately equal to r, but for r=60mm it is approximately 15mm closer than 
expected, due to the diffraction effects of the source transducer. Hence, for a strongly 
focusing device, the focal point is approximately equal to r, the geometrical point of 
focus. However, as this geometrical focus moves towards the far field / near field 
boundary, the actual position deviates further from that of the geometric focus. The focal 
23 
Chapter 1: Introduction 
distance can also never be larger than the far field / near field boundary for that size of 
plane piston transducer. 
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Figure 1.14: On axis absolute sound pressure/rom a plane piston source (a=10mm), 
with a spherically concave/rant/ace with a radius o/(a) 60mm (b) 20mm. (Calculated 
from 1.26 with A=l and Po =1) 
1.4 Thesis outline 
The thesis describes the work conducted on the development and characterisation 
of a number of capacitive transducers for air-coupled and immersion applications. New 
designs of transducers are examined, including fully micromachined silicon transducers, 
three types of focusing dev ice and, an immers ion transducer. A brief summary of the 
work in each of the remaining chapters is described below. 
Chapter 2 gives an overview of capacitive transducer technology, beginning with 
a brief historical rev iew of the capacitive transducer. This is followed with a review of 
techniques used in the manufacture of such dev ices, and its implication on transducer 
performance. Finally, alternatives to the capacitive transducer, for air-coupled 
applications, are described. 
Chapter 3 contains details of the fabrication and initial characterisation of new 
novel fully micromachined silicon capacitive transducers. These devices comprise of a 
surface micromachined silicon nitride membrane (typica ll y Imm 2), above a nom inal 
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2Jlm air gap. Studies on the effects of membrane thickness, size and bias voltage are 
conducted. In addition, comparisons between different batches of devices are made. 
Initial immersion operation results are also described. 
Chapter 4 continues with the characterisation of the surface micromachined 
silicon devices, with firstly interferometric measurements of dynamic membrane 
displacements and then measurements of their radiated sound pressure fields. 
Comparison of these with theoretical plane piston sound field approximations are then 
made. 
Chapter 5 investigates two novel designs of line focusing air-coupled transducer. 
These utilised shaped backplates, one cylindrically concave and the other conically 
concave, to create lines of focus. Firstly, their design and construction is discussed, from 
their design stage through to assembly. Then the devices are characterised to determine 
their frequency response. Their radiated sound pressure fields are also measured and 
compared to theoretical fields, calculated using plane piston theory. Their lateral and 
vertical resolutions were also determined experimentally. Finally, an application of 
surface imaging using both devices was examined. 
Chapter 6 continues the study of focusing transducers, with the examination of a 
novel fully focusing device. This air-coupled transducer utilises reflection from an off-
axis parabolic mirror to create a point of focus. Similar experiments to those in the 
previous chapter are performed, to determine its frequency response and resolution. 
Surface imaging is also examined, and comparisons made to the two line focused devices 
described in Chapter 5. 
In Chapter 7, a capacitive transducer for immersion applications was investigated. 
A purpose built transducer was manufactured, based on a typical air-transducer design 
with the addition of O-ring seals and waterproof connections. The characteristics of this 
device, while in immersion, were examined. Further investigations into the effects of 
backplate surface topography on the frequency and sensitivity characteristics of the 
device were also made, with random (roughened/polished) and machined backplates. 
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Imaging of defects in Perspex and aluminium plates, using the capacitive immersion 
device is also described. 
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2 Review of Capacitive Ultrasonic Transducer 
Technology 
2.1 Summary 
This purpose of this chapter is to give an overview of capacitive (or electrostatic) 
transducer technology to date, from the basic condenser microphone to fully 
micromachined devices. Operation and construction methods are described, together 
with theories on the predicted frequency response of such transducers. Alternatives to 
the capacitance transducer are also examined. 
2.2 The capacitive transducer 
2.2.1 Background 
The capacitive, (or electrostatic) ultrasonic transducer is primarily used for the 
transduction of ultrasound into air (or gas). This is due to its inherent low acoustic 
impedance (see below). Operation has also been demonstrated in liquids [1] (discussed 
further in Chapter 7). The device is similar in form to the condenser microphone [2], and 
is essentially a variable capacitor, consisting of a thin flexible membrane fixed over a 
ridged conducting backplate. The earliest known reference to such a device was by 
Wente in 1917 [3]. This utilised a thin metallic membrane (or diaphragm) separated 
from a back electrode by a 251lm air gap. It was demonstrated that this device had an 
undamped resonant frequency of approximately 17kHz. Later improvements to the 
design widened its bandwidth by increasing air damping, with the addition of grooves, or 
holes, in the backplate [4-6]. Further work reported by McLachlan [7] incorporated a 
solid dielectric layer between the backplate and front electrode to improve performance. 
However, these devices only had a useful bandwidth within the audio frequency range. 
Three years later, in 1937, Sell [8] reported a similar device with increased centre 
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frequency and bandwidth, incorporating concentric grooves in the backplate. However, 
in 1954 Kuhl et al [9] produced transducers capable of operation in the 50-100kHz range. 
His basic design, using a conducting contoured backplate and a thin (-1 O~m) metallised 
polymer film for the membrane, and was the basis for the more modem capacitive 
transducer designs. Further work shortly ensued, namely by Matsuzawa [10,11] who 
studied the effects of membrane thickness and backplate surface properties on the 
characteristics of the transducer. 
2.2.2 Transducer construction 
The construction of the polymer-based capacitive transducer, as described by 
Kuhl et al [9], consists of a thin flexible polymer membrane, metaIIised on one side and 
fixed with its insulating surface against a ridged contoured conducting backplate, as 
illustrated in Figure 2.1. During operation, a DC biasing voltage is usually applied 
between the backplate and the membrane, electrostatically attracting it to the backplate, 
trapping tiny air pockets. As a detector, an impinging ultrasonic wave causes the 
membrane to deflect, changing the capacitance of the device. Due to the applied DC bias 
voltage, this change in capacitance can be observed as a movement of charge on and off 
the 'plates' of the device, and amplified with a charge amplifier. For a source of 
ultrasound, the membrane can also be deflected, electrostatically, with the application of 
DepOSited electrode 
Polymer film 
11 1-----1 
dc Bias -
Figure 2.1: Schematic diagram of the basic random backplate capacitive transducer 
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pulsed voltages, often superimposed into a DC bias voltage to improve bandwidth. Due 
to the relatively low acoustic impedance of the membrane/air pocket system, the 
capacitance transducer is ideally suited for the transduction of ultrasound into air. 
Various studies have shown that the performance (centre frequency, bandwidth, and 
sensitivity) of a capacitive transducer is mainly controlled by the surface topology of the 
backplate [12]. 
Assuming a basic parallel plate capacitor model, with air as the dielectric, the 
capacitance, C, of the device would be given by the following: 
C = A·co 
x 
(2.1) 
where, A is the area of one of the plates, ~ is the relative permittivity of free space, and x 
the plate separation. Hence, changes in the plate separation, &, cause changes in the 
capacitance of the device, !lC. This is given by differentiation of equation (2.1): 
A·c !lC = ___ 0.&. 
Xl (2.2) 
Assuming a constant biasing voltage, Vp , the observed change in charge. !lQ, on the 
plates, due to this change in capacitance, !lC, is given by: 
(2.3) 
Hence, this basic model shows that the observed change in charge (and thus the signal 
from the transducer) is proportional to the applied bias voltage and the area of one of the 
plates. It is also inversely proportional to the square of the initial plate separation. 
However, in practice, the transducers are far from ideal parallel plate capacitors, and the 
above calculations are only a very basic first principles model of how they operate. 
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2.2.3 Transducer manufacture techniques 
As mentioned above, the characteristics of the polymer-based capacitive 
transducer have been found to be mainly dependent on the surface properties of the 
backplate. Thus, over the past few decades, this has been the focus of transducer design, 
with many different manufacturing techniques reported. However, these methods can all 
be generally classified into three main groups. The first utilises metallic backplates with 
random surface features that have either been mechanically roughened using 
grinding/polishing techniques, by shot peening, or other similar methods [13,14]. 
Devices constructed in this way were generally found to operate up to a few hundred 
kHz, for rough backplates, or up to 3MHz, for backplates with highly polished surfaces. 
The second grouping utilise backplates with more controlled surface profiles, and 
hence more predictable responses. The majority of the studies in this group used 
polished backplates with 'V-grooves' machined into their surface [15-19]. These have 
generally been found to operate, predictably, up to a few hundred kHz. Other methods 
used to produce 'controlled' contoured backplates have included introducing pits into, or 
features onto, their surface, using photolithography [20], laser ablation [1,21], or silk 
screen printing [22]. 
The advent of silicon micromachining technology provided another means of 
producing accurate surface profiles. Work by Suzuki et al [23] described the fabrication 
of a transducer with a polished silicon backplate containing an array of etched square pits 
(typically 10)lm2 to 50)lm2). This was shown to have improved bandwidth over all 
previous designs. Further work by Schindel et al [24] reported that a similar device 
demonstrated a -6dB bandwidth extending from <100kHz to 2.3MHz. Figure 2.2 
illustrates a schematic diagram of such a device (from [25]). The increased bandwidth of 
these devices, over its predecessors, can be explained as follows; the areas of membrane 
over the un-etched polished sections of the silicon wafer (Le. in contact) tend to 
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Figure 2.2: Schematic diagram of a micromachined capacitive transducer. 
generate/rece ive the higher frequency s ignal components , whil e the areas over the etched 
parts (i.e. holes) tend to damp the membrane, and produce a lower frequency response. 
The third , and most recent g roup of capac iti ve transducers, contains the so-call ed 
full y microm achined dev ices . These differ from the other types described above because 
the whole dev ice, including the membrane, is fabricated us ing micromachining 
techniques . These transducers offer many advantages over those described prev iously, 
namely good reproducibility, ability to incorporate on-chip e lectronics, potenti al low-
cost (when mass produced). and the ability to create arrays of separate e lements . One of 
the fi s t dev ice to be produced in this way was a s ili con-based microphone, described by 
Hohm [26]. This was shortl y fo ll owed by many other s imil ar des igns. Kuhnel and Hess 
[27] described a full y micromachined s ili con dev ice w ith a sili con nitri de membrane and 
a s truc tured s ilicon backpl ate. Another such dev ice was described by Bergqv ist et al 
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[28,29] which utilised a suspended surface micromachined metallic backplate above a 
membrane formed by bulk micromachining the back of the silicon substrate. 
More recently, fully micromachined devices operating above 100kHz have been 
realised. The first of these is based on the lower frequency microphone design, 
constructed from two silicon wafers, with one containing the membrane, and the other 
performing as a backplate. It was demonstrated to have a flat frequency response up to 
180kHz [30]. An alternative approach uses surface micromachining to produce a silicon 
nitride membrane supported above a silicon substrate [31-33]. In this design, the 
membrane is typically supported at SOllm intervals, creating a hexagonal cell structure. 
The devices were found to operate from 1.6MHz to l1.SMHz (depending on fabrication 
parameters), with bandwidths between 5% and 20% [33]. A similar design, but utilising 
a polysilicon membrane, has also been presented [34,35]. During this research, the 
author has investigated another novel design of fully micromachined transducer, 
consisting of a surface micromachined silicon nitride membrane, typically 1-21lm thick, 
and SOllm-5mm square in size, differing to previous ultrasonic transducer designs in that 
it is completely unsupported (i.e. one continuous membrane), over a 211m deep air cavity 
[36]. This work is discussed later in Chapters 3 and 4. 
2.3 Theoretical frequency response of the capacitive transducer 
There have been a number of approaches used to attempt to model the behaviour 
of capacitive transducers, mostly with limited success. The first simple model assumes 
that the membrane acts as a frictionless piston above an air pocket acting as a spring. 
The frequency at which such a system would resonate can be calculated from [19]: 
(2.4) 
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where, y is the adiabatic constant for air, Pa the atmospheric pressure, P the density of 
the film, and dland da the thickness and depth of the membrane and air gap respectively. 
For a condenser microphone that contains a well-defined air gap, Equation (2.4) 
is easy to evaluate. However, for the case of a high frequency transducer with a thin 
membrane lying on top of a randomly rough backplate, the air gap, deb is much more 
difficult to predict accurately. The average gap can be estimated from either the 
measured nominal capacitance of the device, the surface roughness parameter, Ra, of the 
backplate, or a combination of them both. In the case of machined backplates, the air 
gap calculation is much easier as it is defined by the depth of the groove or hole. Using 
these methods, Equation (2.1) has been used to predict, with limited success, the 
frequencies of a number of devices (with random and machined backplates) operating up 
to approximately 600kHz [37]. 
An alternative model, used by several authors [9, 14, 23, 31-32, 37], assumes the 
transducer is a uniform circular membrane fixed around its periphery (i.e. a drum skin), 
with its fundamental resonant frequency given by [38]: 
f = 2.4048 ~ T 
Jr·D PI 
(2.5) 
where, T is the tension, PI the density, and D the diameter of the membrane. With the 
early devices, consisting of a membrane over a defined air gap, this model showed some 
promise. However, for the more modern design devices, with the membrane in contact 
with the backplate, less success has been achieved. Work with these devices (random 
and machined backplate designs) showed that the tension in the membrane had marginal 
affect on the overall response of the transducer [23,24], hence implying the frequency 
response depended more on the interaction between the membrane and the air layer 
beneath it. Yet, with the latest fully-micromachined devices, with well-defined air gaps 
and tensioned membranes, this model has been used again, with reasonable success 
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[31,32]. However, it still neglects the effect of membrane stiffness and the air gap 
beneath it. 
The next model [39] was developed exclusively for grooved backplate 
transducers. It assumes the transducer resembles an array of separate resonator like 
elements [40]. Each of these elements can then be described with a Helmholtz resonator 
model, with a resonant frequency given by: 
f c~ =;r~~ (2.6) 
where, h is the depth of the groove, po the density of the air, c sound velocity in air, and 
cr the mass per unit area of the membrane. It can be seen that this has similar form to 
Equation (2.4). 
More recently, Anderson et al [20] proposed a more complex model, where the 
electrical and mechanical characteristics of the device were lumped together (known as a 
lumped parameter model). In the mechanical half of the model, the diaphragm is treated 
as a stressed plate, rather than a membrane, hence including bending stiffness effects 
(unlike the models outlined above). Membrane tension, density, electrostatic pressure, 
external acoustic pressure, and pressure within the air gap were also taken into account. 
The electrical section of the model uses a simple parallel plate theory, defining the 
instantaneous capacitance of the device, in terms of its nominal plate separation (air gap) 
and average deflection. These two 'halves' of the model are then lumped together, and a 
resultant equivalent circuit is developed. 
Improvements to this model have since been made by Sun et al [41], who 
corrected a mistake made in the calculation of the equivalent circuit. The model was also 
modified, by effectively combining two separate models, one for the region over the 
cavities, and the other for that over the backplate surface. This improved the agreement 
between theoretical predictions and experimentally obtained data. 
The models outlined above demonstrate that the operation of capacitive 
transducer is very complex, with many factors affecting its characteristics. The lumped 
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parameter model is by far the most accurate. However, it is also very complex requiring 
many parameters whose derivations are still (as yet) unpublished. 
2.4 Alternatives to the capacitive transducer 
2.4.1 Piezoelectric transducers 
It was noted in the previous chapter, that piezoelectric based devices were (and 
still are) by far the most widely used means of detecting and creating ultrasound. This is 
mainly because piezoelectric transducers are generally inexpensive, rugged, compact, 
hence well suited to an industrial environment. They have been successfully developed 
for use in solids (contact transducers) and liquids (immersion transducers). However, 
for air-coupled applications a problem arises, due to the high acoustic impedance 
mismatch of the piezoelectric material, and that of air. This leads to very poor 
transduction for air-coupled applications. 
This impedance mismatch is illustrated by Table 2.1, which contains the 
parameters of some significant materials commonly used in the construction of 
piezoelectric transducers. The transmission coefficients for the different materials into 
air and water are also shown. These were calculated using Equation (1.10) from Chapter 
1. 
From Table 2.1, it can be seen that for coupling into air, the majority of the 
acoustic energy is reflected back into the piezoelectric material, and only a small fraction 
is actually transmitted. There have been various solutions to this problem. The first, 
which had limited success, was to use a high power drive along with high gain amplifiers 
[42,43]. An alternative to this method is to reduce the effective acoustic impedance of 
the piezoelectric element, hence improving the transmission efficiency of the transducer. 
A variety of solutions have been proposed, such as the use of a metallic [44] or polymer 
[45] membrane driven by a piezoelectric element, or by a conical shell, again driven by 
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Density Velocity of Acoustic Material p (kg'm-3) propagation impedance T air Twafer 
Cl (m·s- I ) Z (kg'm-2_s- l ) 
Quartz 2650 5760 15.3x106 1O.8x10-5 0.325 SiOz 
Zirconate 
Piezoceramics 7750 3880 30x106 5.5xlO-5 0.181 
PZT-5A 
Lead-niobate 
piezoceramics 5800 2800 16x106 10.3 x 1 0-5 0.313 
PbNbz0 6 
Piezopolymer 1880 2260 4.6x106 35.9xl0-5 0.742 PVDF 
Air @ 20°C 1000 1483 1.5xlOfi 1.0 llO.3xlO-:' 
Water 20°C 1.2 344 413.8 llO.3xl0-:' 1.0 
Table 2.1: Acoustical properties o/piezoelectric materials (from [46j), with their 
calculated transmission coefficients into air and water. 
a piezoelectric element, that produces Lamb waves across its surface which 'leak' into 
the air [47]. 
Another alternative is to use a matching layer (of ')..14 thickness) so that: 
(2.7) 
where, ZA and ZB are the impedances of the two media A and B, and Zm is that of the 
matching layer. If this equation is satisfied, all the energy is coupled from medium A to 
medium B. This would, at first glance, seem ideal, however there are disadvantages; the 
first is the frequency dependence of the required thickness of the matching layer (/../4), 
therefore reducing the bandwidth of the device. Secondly, is the problem of finding a 
suitable material for the matching layer. To satisfy Equation (2.4), Zm needs to be 
approximately 0.1xl06 Kgm-3s- l (0.1 MRayI). Unfortunately, there are very few suitable 
materials with such an impedance. However, there have been various attempts at finding 
a suitable material, such as balsa wood [48], cork [49], aerogels (compacted hollow glass 
spheres) [50], and silicone rubber [51]. Multiple matching layers have also tried with 
some success [52]. However, generally, the matching layer approach improves 
sensitivity at the expense of bandwidth. Another method is to use piezoelectric materials 
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that have lower acoustic impedance. Polyv inylidene difluoride (PVDF) is one such 
material, and has shown some promise when used in air [53]. 
An alternative to the approaches outlined above, is to reduce the effecti ve 
impedance of the piezoelectric element itself. This can be achieved with piezocomposite 
structures, where parts of the piezoelectric materi al, usually a piezocerami c, are removed 
and replaced with a fill er materi al, usually epoxy res in. This reduces the density and 
acoustic velocity of the materi al, and hence its acousti c impedance. There are va rious 
types of piezocompos ite structure, and they are defined in terms of the mechanica l 
connecti vity of the two different materi als. For air-coupled work , the 1-3 connecti vity 
piezocomposite has shown the most promise [54-56]. In this configuration, the 
piezoceramic is formed into vertica l square pill ars with a fill er materi al between, as 
illustrated in Figure 2.3. This is usuall y achi eved by machining a series of slots into 
single block of piezoceramic, and then filling with epoxy. A matching layer is then 
usually then pl aced on top of the device covering one end of the pill ars, while a backing 
layer is fi xed to the other. For operation as a source. the piezoceramic pill ars are usually 
excited in their thickness resonance mode. The bandwidth of such dev ices is heav ily 
dependant on the backing layer, with higher damping resulting in broader bandwidth. 
However, this increased damping reduces the sensiti vity of the device. Recentl y, 
improvements in sensitivity have been made by coupling the thickness resonance, with 
the first lateral resonance of the device, enabling increased bandwidths, of approx imately 
1.5MHz, centred at 1.2MHz being reported, with reasonable sensitivities [57]. 
PiezQceramic 
Filler material 
Figure 2.3: Schematic diagram of a 1-3 connectivity piezocomposile structure. 
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Disadvantages of these devices are firstly, their inherent complexity of 
construction, and due to this complexity, various unwanted internal modes of resonance. 
Their sensitivity has also been demonstrated to be less than capacitive transducers [57]. 
However, they are still a viable alternative for the transduction of ultrasound into air. 
2.4.2 Other alternatives 
There are also various other methods with which ultrasound can be generated 
and/or detected using non-contact methods in air. Those worthy of mention here are 
laser systems [58.59], spark discharge, magnetostrictive materials, and the 
electromagnetic ribbon transducer [60]. 
2.5 Conclusion 
This chapter has described the development of the capacitive transducer, from its 
original form as the condenser microphone, to fully micromachined devices. Modelling 
techniques commonly used for such devices have also been discussed. Alternatives to 
the capacitive transducer, for the transudation of ultrasound into air have also been 
described. 
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3 Surface Micromachined Silicon 
Fabrication and Characterisation 
3.1 Summary 
Transducers-
This chapter examines the characterisation and development of a novel type of 
silicon surface micromachined ultrasonic transducer. These transducers differ from other 
similar devices in that they consist of a thin single silicon nitride membrane, with large 
lateral dimensions, over an air cavity, whereas devices reported elsewhere utilise a cell 
geometry, with a single transducer consisting of many (lOOO's) of individual membranes 
and cavities. 
The first section outlines the fabrication procedure used to produce these devices. 
This is followed by examination of their static characteristics, in terms of their 
membrane deflections with an applied d.c. bias, and capacitance-voltage characteristics 
to aid in the understanding of their operation. 
The second section outlines initial characterisation experiments performed to 
examine their dynamic ultrasonics characteristics in air; with their frequency response 
and sensitivity measured using a variety of techniques. Experiments are performed to 
study the effects of membrane thickness, membrane size, and applied bias on the 
transducers characteristics. This work reported in this chapter has been the subject of 
several publications [1-3]. 
The final section describes preliminary experiments performed to examine the 
characteristics of these devices when immersed in liquids. 
3.2 Introduction 
Recently there has been increased interest in the development of capacitive 
ultrasonic transducers that are fully fabricated by micromachining processes. Such 
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devices have inherent advantages over their polymer film / ridged backplate 
predecessors. These are, namely, reproducibility, ease of manufacture, high 
controllability, realisation of arrays of discrete elements, incorporation of on chip 
drive/receive electronics, and potential low-cost when mass-produced. 
These high frequency ultrasonic devices have evolved from earlier work with 
audio frequency silicon-based microphones [4-9], one of the first of which was produced 
by Holm et al [4], consisting of a silicon nitride membrane, and a silicon backplate. 
Kuhnel and Hess [7] also described a similar silicon microphone, fabricated using 
micromachining to produce a silicon nitride membrane and structured silicon backplate. 
Other novel fabrication techniques have included a surface micromachined, electroplated 
metallic backplate suspended above a bulk micromachined silicon membrane [8]. 
However, it is only relatively recently that devices for use above 100kHz have been 
studied. Such a device was described by Thielemann et al [10], which was based on the 
lower frequency microphone design, constructed from two bonded silicon wafers, one 
containing a back etched membrane, with the other acting as a backplate. This was 
demonstrated to exhibit a flat frequency response up to 180kHz. Transducers for 
operation in the MHz region require thinner membranes than those employed in the 
construction of the lower frequency microphones. Work with transducers fitted with 
polymer membranes has shown that membrane thicknesses below S/lm are typically 
required for efficient operation in excess of 1MHz [11]. Hence, fully micromachined 
high frequency transducers generally utilise membranes below 2/lm in thickness. 
Work with these high frequency transducers has been reported by a variety of 
authors, with a number of different design approaches. The first to be described here are 
produced by Stanford University [12-17]. Their transducer design utilises a Low 
Pressure Chemical Vapour Deposition (LPCVD) silicon nitride membrane above a 
silicon substrate containing a lower electrode on its surface. This membrane is typically 
supported at SO/lm intervals, creating a hexagonal cell structure. Each transducer 
consists of a large number of cells (typically 1000's), the sidewalls of which support the 
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membrane. Such devices have been reported to operate in air from 1.6MHz to 11.5MHz 
(dependent on fabrication parameters), with bandwidths of between 5% and 20% [13]. 
Generally, each hexagonal cell is highly resonant, and the overall bandwidth of a 
transducer is controlled by careful sizing (and hence in this case its resonant frequency) 
of its individual cells. Operation has also been demonstrated in liquids with increased 
bandwidth due to higher damping and improved impedance match of the membrane with 
the liquid medium [15]. 
The second design approach has been developed by Siemens AG, Germany [18, 
19]. This again utilises the cell approach. However, this time the device fabrication is 
integrated into a standard BiCMOS process, using only industry standard layers to 
construct the device. The membrane itself is fabricated from a 400nm thick capacitor 
polysilicon layer of the process, with a field oxide (600nm thick) acting a sacrificial 
layer, hence resulting in a 600nm air cavity under the membrane. The use of the 
BiCMOS process to fabricate the transducer has advantages as it allows the 
incorporation of on-chip electronics, and production at standard IC foundries. However, 
it also has disadvantages, as the BiCMOS process is fixed, and the materials deposited 
during the fabrication are optimised for their electrical characteristics, and cannot be 
altered. Hence, membrane properties, such as thickness and stresses, and depth of air 
gap, cannot be easily controlled. 
This chapter describes the development and characterisation of an alternative type 
of fully micromachined capacitive transducer. These devices consist of a single large 
silicon nitride membrane up to 5mm wide, self supported around its periphery above an 
air cavity. This differs to the aforementioned devices as with these a single complete 
transducer consists of a large number of cells (1000's), each of only -40J.lm or so in 
diameter. 
The first section of this chapter describes the fabrication process used to produce 
the transducers. This is followed by a section examining membrane dynamics by 
measurement of their static membrane displacements and capacitance-voltage 
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characteristics. Their dynamic characteristics are then examined, in terms of their 
sensitivity and frequency response in air. In the final section a set of preliminary 
measurements are performed with the transducers used in immersion. 
3.3 Device Fabrication 
These devices were fabricated in collaboration with the Defence Evaluation 
Research Agency (DERA), Malvern, UK, using their in-house silicon micro-fabrication 
facility. The fabrication procedure used a low temperature, CMOS compatible, surface 
micromachining process. An advantage of this facility is that the post-processing of 
devices onto a silicon substrate after the fabrication of CMOS signal processing 
electronics would be possible as the maximum temperature used in this process is 
approximately 400°C. 
A scanning electron microscope (SEM) micrograph of a typical Imm square 
device is shown in Figure 3.1. The transducer consists of a thin silicon nitride (Si3N4) 
membrane, typically 0.5/-lm to 2/-lm in thickness. This is positioned at a controlled 
distance from a fixed lower electrode formed on the silicon substrate. The air gap 
between the moveable membrane and fixed electrode is nominally 2/-lm. 
Figure 3.2 shows the fabrication process for these transducers. Firstly, a 4-inch 
[100], silicon wafer was insulated with a SOOnm layer of thermally grown silicon oxide. 
The lower, fixed, electrode was then formed by sputtering a 200nm layer of aluminium 
silicon (AISi), and defined using optical lithography and dry reactive-ion etching (RIE) , 
based on chlorine chemistry (BCL3 as the primary gas), see (a). The sacrificial layer was 
then defined by spin-coating a layer of polyimide onto the substrate and curing in a 
nitrogen atmosphere at 370°C. This was then subsequently etched, again using optical 
lithography and chlorine based RIE, to leave islands of sacrificial polyimide (b). Note 
that the thickness of this layer defines the air gap between the lower (fixed) and upper 
(movable) electrodes, and was typically 2Jlm. 
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Figure 3.1: SEM micrograph of a typical 1 mm square device. 
(a) 
(b) 
(c) 
(e) 
Figure 3.2: Process flow for the fabrication of the transducers (Note, curvature of 
membrane sides is exaggerated). 
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The membrane was formed using a plasma enhanced vapour deposition 
(PECVD) of ShN4 at 400°C, over the entire substrate surface (c). The intrinsic stress of 
this membrane was controlled by varying the RF power, so it was slightly tensile. The 
top electrode was then formed, firstly by sputtering with a 200nm layer of AISi, and then 
defined using optical lithography and chlorine based RIE (d). Finally, to form the air 
cavity under the membrane, etch holes were defined over the areas of sacrificial 
polyimide. These holes were created using optical lithography and chlorine based RIE to 
etch through the top AISi layer, and fluorine based RIE to etch the SbN4 membrane 
layer. These were typically of 3J.lm in diameter, on a pitch of 20)..lm. The removal of the 
sacrificial polyimide layer, and hence the release of the membrane, was then performed 
using a dry etch process with oxygen plasma RIE, for approximately four minutes (e). 
This process has advantages over traditional wet techniques, where stiction problems 
could occur, hampering the release of the membrane from the substrate. 
Over the period of this study, a number of devices from three different batches 
have been supplied by DERA. These consisted of two preliminary test batches, 
(numbers 97204 and 97223), the purpose of which was to tailor the fabrication process to 
optimise their membrane properties (such as intrinsic stress). After these, a larger 
optimised batch (number 98163) was made. All these batches consisted of devices 
fabricated with l)..lm and 2)..lm nominal thickness membranes. In addition, the optimised 
98163 batch, was also fabricated with nominal 0.5J.lm thick membranes, as initial testing 
with the two preliminary test batches had demonstrated that improved frequency 
response resulted with the thinner membraned devices (as will be shown later). The 
physical size of transducers produced also varied with the batches. The first two 
preliminary runs had devices ranging from 20)..lm to 1mm square. However, initial 
testing with these had shown the sensitivity of the smallest devices to be relatively low 
(due to their size), hence, after discussions with DERA, the optimised batch (98163) 
consisted of devices ranging from 1mm to 5mm square. The fabrication process also 
differed slightly with this batch as a re-flow stage was added after the definition of the 
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polyimide sacrificial layer to smooth the edges of the sacrificial islands. This resulted in 
devices whose membranes had slightly rounded comers, hence slightly altering the 
geometry of the membrane support mechanism. This was done to alleviate problems 
encountered with the edges of the membrane being etched during the definition of the 
etch holes, due to the photoresist not covering the 'sharp' comers sufficiently. The 
properties of these device batches, including the relevant wafer numbers, are summarised 
in Table 3.1. 
The transducers were supplied mounted in 24-pin DIL prototype packages. To 
allow electrical connections to these, a test fixture was constructed with a 24-pin DIL 
socket connected to a number of BNC terminals. This was housed in a shielded die-cast 
aluminium box to reduce electrical noise. Provision was also made for an optical rod 
mount on the box, to enable accurate alignment during the characterisation procedures. 
A photograph of a selection of packaged devices is shown in Figure 3.3(a) along with a 
photograph of the test fixture box (b). 
Batch Wafer Nominal Nominal 
membrane Device sizes No. No(s). Thickness air gap 
97204 A3 lllm 21lm 20llm, 50llm, 25Ollm, 500/lm, lmm Square 
97204 A8 2/lm 2/lm " 
97223 A2 l/lm 2/lm .. 
97223 A7 2/lm 2/lm " 
98163 A7/A8 0.51lm 21lm 1 mm, 2mm 3mm, 5mm Square, Imm Circular 
98163 A9/AIO l/lm 21lm " 
98163 A 12/A13 21lm 21lm " 
Table 3.1: Summary 0/ the properties 0/ the different batches 0/ device supplied by 
DERA (Malvern). 
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(a) 
(b) 
Figure 3.3: Photographs o/(a) a selection o/micromachined transducers mounted in 
24-pin DIL packages, and (b) one of the test future boxes used to allow electrical 
connections to the devices via BNC leads. 
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3.4 Static Testing 
3.4.1 Background 
This section examines the static displacement of the membrane with applied d.c. 
bias voltage. It illustrates the differences between the first two preliminary batches of 
devices (97204 and 97223), and the optimised batch (98163). This was done to aid in 
the understanding of the operation of these devices, and examine the differences in the 
membrane properties between the transducers from different batches, as initial tests had 
shown differences between them. 
In the first part of this section, the membrane displacement is measured using a 
WYKO surface profiler. The second part of this section examines the 
capacitance/voltage (CV) characteristics of the devices. These are then compared to the 
measured membrane displacements. 
3.4.2 Static membrane deflection measurements 
The static membrane deflections for all three batches of device were measured 
using a WYKO optical surface profiler. The devices were mounted in the test fixture 
box and placed under the profiler microscope. A variable dc power supply was used to 
apply a bias voltage to the transducer under test. A schematic of this apparatus is shown 
in Figure 3.4. 
Only the 1mm square devices were produced in all the batches, thus this size 
transducer was used for batch comparison of their membrane deflections. Measurements 
were taken of the 11lm and 21lm thick membranes from the 97204 and 97223 batches, 
and 0.51lm, 11lm and 21lm membranes from the 98163 batch. The applied bias voltage 
was varied from OV to 30V in 2V increments, with a surface profile dataset taken at each 
interval. Figure 3.5(a-c) show a selection of the images and cross-sections for bias 
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voltages of OV, 16V, and 30V, for each of the 2~lm thick membrane dev ices measured. 
It can be seen that there were large vari ati ons in the max imum membrane defl ecti ons 
between the different batches . The initi al tri a l batches (97204 and 97223) were found to 
exhibit reasonably large de fl ections, w ith the membrane mov ing by up to 110% of the a ir 
gap (note that in this case the membrane was domed at OV b ias, hence the overall 
defl ection is greater than the a ir gap) . The optimised 98 163 batch, however, showed 
much lower defl ections, typically only about 15%-20% o f the a ir gap at 30V bias. 
Hence, thi s would indicate they had a higher intrins ic stress than the previous batches . 
de bios SL.PP/Y 
rl 
• O/p 
J WYKO 
.J r ' 1 , J. 
Micromachined 
transducer 
Figure 3.4: Membrane deflection measurement apparatus. 
Genera ll y, the defl ecti on of the membrane was found to be onl y unifo rm at low 
bias voltages (<15V) above which, the membranes began to buckl e. This buck li ng is 
ev ident in the 16V and 30V cross-secti on plots, and is more prominent in the thinner 
(0. 5~m and 1 ~m) membranes. The reasons for this buckling are not entirely understood 
but coul d be due to locali sed differences in the crys talline s tructure o f the sili con nitri de 
membrane itself. Further examinati on o f the dev ices, us ing a SEM revea led that the 
surface of the lower metallised electrodes was irregul ar. This coul d also be a 
contributing factor to the buckling, as uneven charge di s tribu tions across the membrane / 
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Figure 3.5(a): WYKO images and profile cross-sections of a lmm square device with a 
2pm thick membrane (wafer A8) from batch 97204 with applied bias ofOV (top), 16V 
(middle) , 30V (bottom). 
55 
Chapter 3: Silicon Transducers Fabrication and characterisation 
0.93 X Profile 
X 0464 mm 
0.80 um ~ 
, .. 
0.70 y~ ~ ~ 
0.60 
J 
0.50 
OAO ,,,. 
0.30 , .... 
0.20 ,.,.: 
0.10 ,. 
I--
0.00 ,I» .", 
0.0 0.1 02 0.3 0.. 0.5 0.& 0.7 0.& 0.11 1.0 1.1 12 .... .... .... tOO 
0.93 X Profile 
x 0434 mm 
0.80 um 
"'" 
-0.70 / 
-, ... -
0.60 
0.50 
,Ill-
0 . .0 ,.,-
0.30 
" .. -
0.20 
.,.. 
0.10 
0.00 "" 
I-
0.0 0.1 02 0.3 0.4 0.5 0.8 0.7 o.e 0.9 1.0 1.1 12 ~oo .... . ... •• O!) . ... LOO" 
0.93 X Profile 
X: 0.474 mm 
0.80 
0.70 
0.90 
050 
0 . .0 
0.30 
0.20 
0.10 
0.00 
0.0 0.1 02 0.3 0.. 0.5 0.8 0.7 0.8 0.11 1.0 1.1 12 0.110 0.20 0." 0." 0.10 too 
r-
uo 
'--
UO 
uo 
I ~ 
en 
c 
3 
ti 
o 
c 
3 
Figure 3.5(b): WYKO images and profile cross-sections of a lmm square device with a 
2j.Jm thick membrane (wafer A7) from batch 97223 with applied bias ofOV (top), 16V 
(middle), 30V (bottom). 
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2j..1tn thick membrane (wafer All) from batch 98163 with applied bias ofOV (top), 16V 
(middle), 30V (bottom). 
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backplate would result. This study also revealed that the optimised 98163 batch of 
devices, although nominally fabricated with 2J..lm air gaps, actually had gaps of -1 ~m. 
Doming of the membrane, at OV bias, is also evident in some of the devices. It is 
thought that this was due to a stress gradient throughout the thickness of the membrane, 
caused by the deposition of the AISi top electrode onto the silicon nitride. 
An interesting phenomenon was noticed in the 97223 batch of devices. It was 
found that, as the bias voltage was slowly increased, to beyond a certain threshold (9.2V 
for the 1~m devices and 17.4V for the 2~m devices), the membrane would suddenly 
'snap-down' by a distance of approximately l~m. This is illustrated in Figure 3.6(a & b) 
for the 1 ~m and 2~m devices, by images and profile cross-sections measured before and 
after this snap-down. 
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Figure 3.6(a): Snap effect between 8. J V (top) and 8.2V (bottom) observed in the 97223 
A2 J mm square device with a J J.ml thick membrane. 
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Figure 3.6(b): Snap effect between 17.3V (top) and 17.4V (bottom) observed in the 
97223 A7 lmm square device with a 2J.1Rl thick membrane. 
In the cross sections shown in the latter figures, the membrane deflection was 
measured from the fixed edge of the membrane to the lowest point on the membrane 
surface. This method of measurement was chosen, as the membrane deflection could not 
be reliably measured from the substrate surface due to the semi-transparent nature of the 
thin silicon nitride layer present. This caused the WYKO to give incorrect 
measurements of the height of the substrate (varies between the thickness of silicon 
nitride). Note that the measurements of the membrane itself were correct, as this was 
covered with the highly reflective aluminium electrode. 
The maximum measured membrane deflections, plotted against applied bias are 
shown in Figure 3.7. For the 97204 batch of devices, the displacement plot shows 
initially a steady deflection up to approximately 15V for both devices. This then tails off 
to a maximum of approximately 1.2/lm for the 2/lm thick device, and 1.5/lm for the 
thinner l/lm device. In the 97223 batch plots, the snap down effect is clearly visible 
occurring at approximately 9V and 17V for the l/lm and 2/lm devices respectively. The 
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curves for the optimised 98163 batch show a similar relationship to the 97204 batch. 
The O.5/-lm membrane appears to flatten off after approximately 15V; this was an 
anomalous result, as the membrane edges collapsed as the bias was increased further, 
hence giving the appearance that no more membrane deflection had occurred. 
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Figure 3.7: Measured maximum membrane displacements, plotted against applied bias 
voltage, device batch number and membrane thickness as shown. 
3.4.3 Capacitance-Voltage characteristics 
This section examines the capacitance-voltage (CV) characteristics of the 
devices, using an Agilent precision LCR analyser (model 42849A). The measured 
capacitances, plotted against applied bias are shown in Figure 3.8. Note they are plotted 
on the same scale axis for comparison. These, as would be expected, are similar in form 
to the measured displacements above. The snap down effect is again evident in the 
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97204 batch of devices, occurring between the same applied bias voltages as above. The 
optimised 98163 batch shows relatively linear relationship with applied bias, with higher 
capacitances than the 97204 batch due to their smaller air gaps. Note in each case, the 
devices with thinner membranes were found to exhibit higher capacitances, as would be 
expected. 
18 
16 
14 
G:' 12 
.e. 
8 10 
c 
J!l 
'0 8 
." 
0-
." 
U 6 
.. 
2 
0 
0 
18 
__ 97204 A3 (1~) 16 
-0- 97204 A8 (211m) 
14 
G:' 12 
.9: 
8 10 
c 
~ 8 
." 
0-
." 
U 6 
4 
2 
0 
5 10 15 20 25 30 35 o 5 10 15 20 25 30 35 
Applied Bias (V) Applied Bias (V) 
18f"""'T'.,..,....,...,...,..,,.........~~,...............,.~.,,.......,...,.,-.........., 
16 
14 
G:' 12 
.9: 
~ 10 
.~ 8 
[ 
~ 6 
2 
__ 98163 AS (0.5f1m) 
-0- 98163 A9 (111m) 
__ 98163 A12 (211m) 
o~~~~~~~~~~~~ 
o 5 10 15 20 25 30 35 
Applied Bias (V) 
Figure 3.8: Measured capacitance, plotted against applied bias voltage for the 1 mm 
square micromachined devices, batch and membrane thickness as shown (measurements 
taken at 1kHz). 
3.5 Initial dynamic testing in air 
3.5.1 Introduction 
This section describes a set of initial experiments performed to examine the 
dynamic characteristics of the transducers, in terms of their ultrasonic properties. 
Throughout the following work, the 1 mm square transducers, with 1 J..lm thick membranes 
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from the optimised 98163 batch became the 'benchmark' device, and hence the majority 
of the characterisation work was done using these transducers. The first part of this 
section examines the characteristics of these devices using a variety of techniques. These 
include pulse-echo, a source detector pair (pitch-catch), and using other types of source 
and detector transducers. Such techniques have been previously described as typical 
methods in which transducers can be characterised in terms of their frequency response 
and sensitivity [20]. The influence of the 'snap down' effect, observed in the 98223 
batch of devices is then studied. This is followed by a comparison of the characteristics 
of the 1mm devices from the two preliminary batches, and the optimised batch. 
3.5.2 Pulse echo operation 
A 1mm square device with a 1/lm thick membrane {98163 A9 batch} was 
positioned Smm (±O.Smm) from a flat optical mirror. The device was connected to a 
Panametrics pulser/receiver unit (model SOS5PR), via a capacitive de-coupling circuit 
(see Figure 3.9) to allow the application of a 20V dc bias. A diplexer unit was also 
connected between the pulse unit and the de-coupling box to enable a Cooknell charge 
amplifier (model CA6/C) to be used as the receiver amplifier, instead of the integral 
receiver in the Panametrics unit. Note that this amplifier was used in preference to the 
Panametrics receiver as it provided higher sensitivity and improved signal to noise 
Bias voltage 
100kn 
pulser / ~I--;~---o 
charge a~ Transducer 
O.lllf 
lOMn 
Figure 3.9: Schematic diagram of the capacitive de-coupling circuit. 
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performance, which was required due to the relative small signals from the transducer 
(due to its size). The function of the diplexer was to isolate the charge amplifier from the 
high voltage drive signal produced by the pulser unit, while allowing the echo signal to 
be received. 
The pulser unit (used on its lowest energy, and highest damping settings) 
provided a wide bandwidth transient signal. A typical drive waveform, measured across 
an attached 1mm square micromachined transducer, with an oscilloscope probe, is shown 
in Figure 3.10(a). along with its corresponding calculated frequency spectrum (b). This 
shows that it produced a relatively flat voltage excitation over the region of interest (0-
15MHz). Hence, an impulse response measurement would be approximated with this 
drive signal. A Tektronix TDS430A oscilloscope, with an integral disk drive, was used 
to observe and store waveforms for later analysis. This arrangement is shown in Figure 
3.11. 
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Figure 3.10: (a) Typical measured transient dn"ve signal from the Panametrics pulser 
unit, and (b) corresponding frequency spectrum. 
63 
Chapter 3: Silicon Transducers - Fabrication and characterisation 
Oscilloscope ~ 
•
TektrOniX TDS430A 
Ch 1 Ch2 Ext. Trig:' J 
o 0 0 C 0 
dc bias supply 
~ U 
O/p 
Q 
Panametrics pulser/receiver 
PR5055 
De-cou ler 
Receiver out 
() 
Cooknell 
CA6/C 
Amplifier 
o p 
Diplexer 
~ 
:Q. 
~ 
Input 
Output 
c;) 
Bios l!i 
f ~ g 
,---_.-
Micromachined 
Transducer 
Mirror 
Figure 3.11: Schematic diagram oj the pulse-echo characterisation equipment. 
Figure 3.12(a) shows the typical rece ived pulse-echo waveform, together with its 
corresponding frequency spectrum (b). This shows a relati ve ly well -damped wide 
bandwidth signal, with a peak frequency and (-6dB) bandwidth of approx imately 
1.2MHz, and 700kHz (52%) respectively. Note that over the propagation gap used here, 
the attenuative effect of air can be ignored. 
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Figure 3.12: (aJ Pulse-echo waveJormJrom a lmm square 1j.Jm membrane (98163 A9) 
device, and (b) corresponding Jrequency spectra. 
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3.5.3 Source-detector pair (pitch-catch) 
This experiment util ised two identical transducers, as a source de tector pa ir, 
operated in pitch catch mode. Two 1 mm square dev ices, with 1).lm thi ck membranes 
(98 163 batch) were axiall y pos itioned fac ing each o ther w ith a lOmm (± lmm) ai r 
propagation gap. One dev ice was connected to a Panametri cs (model 5055PR) pulser 
unit, via a de-coupling circui t, which a llowed a 20V bias to be applied. The other 
transducer was coupled to a Cookne ll charge amplifi er (model CA6/C), which also 
supplied a bias ing voltage (again 20V). The output o f the charge amplifi er was fed to a 
Tektroni x TDS430A osc illoscope. Note that all the equipment was the same as used 
above. Figure 3. 13 shows a schemati c diagram of this arrangement. 
• 
Tektronix TDS430A j" 
Oscilloscope ffi 
Ex!. Trigg. Ch2 Chl 
o 0 0 0 ( 
Panametrlcs pulser/receiver 
PR5055 
+ sync Receiver out 
o 
dc bias supply 
rr::l l~ 
O/p 
_// 
Cooknell 
CA6/C 
Amplifier 
// Micromachined 
( Transducers 
'-... 
Source 
/ 
--
Receiver 
Figure 3.13: Source-detector pair apparatus . 
Figure 3. 14(a) shows the received time waveform, along with its corresponding 
frequency spectrum (b) . It can be seen that a re lati vely well -damped w ide bandw idth 
s ignal, with an amplitude of 27mV pk-pk has resulted. Note that thi s waveform (as well 
as others in this chapter unless otherwise s tated) was s ignal-averaged to reduce no ise. 
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Figure 3.14: (a) Waveform received by a 1mm square micromachined transducer with a 
1J.1m thick membrane (98163 A9) positioned lOmm (:tlmm) from a similar source 
transducer. (b) corresponding frequency spectrum. 
Typical measured noise levels from the Cooknell charge amplifier were -1.2m V pk-pk, 
and hence the signal to noise ratio of the whole system was approximately 22.5: 1 
(-27dB). The frequency spectrum shows a peak frequency of approximately 1.2MHz, 
with a bandwidth of -650kHz, ranging from 900kHz to 550kHz. This, as would be 
expected, is similar to that obtained from the pulse echo experiment above. 
3.5.4 Characterisation using other types of transducer 
These experiments used piezoelectric and polymer-based capacitive transducers 
to investigate the surface micromachined devices. The first used a micromachined 
transducer as a detector and a 112" diameter Panametrics lOMHz nominal centre 
frequency piezoelectric immersion transducer as a source. This transducer was chosen, 
as its frequency response in the region of interest, 0-3MHz, was relatively flat, being 
well below its nominal resonant frequency. As this transducer was designed for 
immersion applications, its impedance match with air was poor, hence producing low 
signal levels. However, it was still possible to obtain reasonable signals when using the 
micromachined transducers as detectors. In addition, for comparison a capacitive air 
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transducer, with a micromachined backplate and polymer membrane [21], whose 
construction was described in Chapter 2 was also tried as a source. 
The piezoelectri c source was connected directl y to a Panametrics pulser/receiver 
unit, and ax ially aligned with a Imm square micromachined detector (1!lm membrane, 
98163 A9) . A lOmm (±lmm) air propagation gap was used. The micromachined 
detector was connected to a Cooknell charge amplifier, and a bi as of 20V was applied . A 
Tektronix TDS430A oscilloscope was used to observe the received waveforms. The 
source transducer was then substituted for the capac itive polymer dev ice (together wi th 
the de-coupling unit to allow the application of a IOOV bias) , and the measurement 
repeated. This arrangement is shown in Figure 3.1 5. 
r------------------------, 
•
TektrOniX TDS430A 
Oscilloscope ~ 
Ext. Trigg. Ch2 Ch l 
o 0 0 G) 0 
Panametrics pulser/receiver 
PR5055 
+sync Receiver out T/R ( 0 
Cooknell 
CA6/C 
Amplifier 
1 OMHz Source Micromachined 
detector 
Figure 3.15: Transducer characterisation set-up using a l OMHz piezoelectric source 
transducer and a micromachined detector. 
Figure 3.1 6 shows the measured waveforms from (a) the 10MHz piezoelectri c 
source, and (b) the capacitive polymer dev ice. In both cases, a wide bandwidth well -
damped signal is ev ident. Comparison of the signals reveals that the capaciti ve source 
transducer has produced signals approximately an order greater in amplitude than the 
piezoelectric device. Figure 3. 17 shows the frequency spectra of these two waveforms, 
plotted (a) with relative sensitivity, and (b) normalised sensitivity. The relative 
sensitivity plot aga in illustrates the sensitivity difference between the capac iti ve and 
piezoelectric sources, with the capac iti ve source prov iding a much higher amplitude 
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signal. From the nonnalised plots, the limited bandwidth of the capacitive polymer 
source is evident as an overall reduction in the measured frequency response. Hence, 
such a device would be unsuitable as a source for characterising a micromachined 
receiver, as it does not possess sufficient bandwidth. The frequency spectrum of the 
signal from the piezoelectric source, however, showed a peak frequency response at 
-1.2MHz, and a bandwidth (-6dB) of -900kHz, ranging from 700kHz, to 1.6MHz. This 
is comparable to that observed for pulse-echo and receiver/detector pair experiments 
described above. Note that in these cases, the resultant frequency response contains both 
the receiveltransmit characteristics (two-way characteristic) of the micromachined 
transducer, whereas the detector test (perfonned here) only includes the receiver 
response (one-way characteristic). So to compare these spectra, the one-way 
characteristic was first squared. Thus, assuming a reversible transducer, the frequency 
responses should be similar. Figure 3.18 shows this comparison. It can be seen that the 
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Figure 3.16: Time waveforms of the signal received by a Imm square micromachined 
detector 1 Omm from, (a) lOMHz piezoelectric source, (b) capacitive polymer source. 
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Figure 3.17: Frequency spectra of the signal received by a lmm square micromachined 
detector lOmmfrom a lOMHz piezoelectric source, and a capacitive polymer source. 
Plotted with (a) relative sensitivity (b) normalised sensitivity. 
spectra are indeed s imil ar. Hence, for character isation of the micromachined transd ucers 
as receivers, it would appear that the 10MHz piezoelectric source transducer has 
suffi cient bandwidth and sensitivity, and thus w ill be used for the remainder of the 
characterisation experiments in this chapter. This also suggests that the transducer has 
reversible characteri stics, exhibiting the same characteristics as a source as when used as 
a detector. 
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Figure 3.18: Comparison of the square ofthefrequency spectrum (solid line) measured 
with a lOMHz piezoelectric source, the source detector pair frequency spectrum (dotted 
line), and the pulse-echo frequency spectrum (dashed line). 
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A final experiment examined the characteristics of the micromachined transducer 
as a source to confirm that it is similar to its rece iver characteristics, as indica ted by the 
previous experiment. A 1mm square dev ice with a l/-lm thick membrane (98163 A9) 
was positioned 10mm (±lmm) from a lOMHz Panametrics immersion transducer (this 
time used as a receiver). The micromachined transducer was connected to a Panametrics 
pulser unit, via a de-coupling circuit to allow the application of a biasing voltage (20V 
bias was used). The piezoelectric receiver was connected to a Cooknell charge amplifier, 
with a Tektronix TDS430A oscilloscope used to examine the received waveforms. This 
arrangement is shown in Figure 3.19 . 
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Figure 3.19: Apparatus used Jor the micromachined source, piezoelectric detector 
experiment. 
Figure 3.20(a) shows the received waveform along with its corresponding 
frequency spectrum (b). As expected, these are very similar to the waveform obtained 
with the micromachined transducer as a detector, and the piezoelectric transducer as a 
source. A comparison of their frequency spectra shows they are very similar, with peak 
frequencies of - 1.2MHz, and bandwidths of - 900kHz, ranging from -700kHz to 
1.6MHz. Hence demonstrating the transducers frequency characteristics are simil ar 
during the reception and generation of ultrasound. 
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·1 
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Figure 3.20: (a) Waveform received by a lOMHz piezoelectric transducer positioned 
1 Omm from a 1 mm square micromachined transducer with a 1 J.Un membrane, (b) 
corresponding frequency spectrum. 
The agreement of all the experiments above demonstrated that they all gave 
comparable frequency responses of the transducer. Hence, for the remainder of this 
chapter, the third method, using the lOMHz piezoelectric source was adopted, as this 
provided the simplest and easiest method of characterisation. The experiments 
demonstrated that the 1 mm square devices with 1 I-lm thick membranes typically 
exhibited a wide bandwidth frequency response of approximately 900kHz (-6dB) with a 
peak/centre frequency of approximately 1.2MHz. Also established was that the 
transducer appeared to operated in a reversible way, exhibiting the same frequency 
characteristics as a source and receiver. 
The above characterisation study was performed using the same devices in each 
experiment. Due to the high degree of control and repeatability of the micromachining 
process, it was assumed that this would be representative of all the devices in the batch. 
To confirm this, an experiment was performed to compare the characteristics of a 
number of 'identical' transducers. Four Imm square devices with Il-lm thick membranes 
were tested; all from the 98163 batch, two of which were from wafer A9 and two from 
wafer Al 0 (hence also studying repeatability across wafers). They were each tested as a 
detector, using a 20V bias, and the 10MHz Panametrics piezoelectric transducer as a 
source. A lOmm propagation distance was used. 
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Figure 3.21 shows a comparison of the received wavefonns (a), and their 
calculated frequency spectra (b). It can be seen that they are in good agreement, with 
relatively small differences (being within 6% of each other at the peak frequency). 
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Figure 3.21: Comparison of (a) the waveforms, and (b) their correspondingfrequency 
spectra, received by four 'identical' lmm square lJ.1Rl thick membrane devices positioned 
1 Omm from a 1 OMHz piezoelectric source. 
3.5.5 The effect of the 'snap down' observed in the 97204 devices. 
The WYKO membrane displacement, and the C-V measurements perfonned 
above found that a 'snap down' effect occurred in the preliminary 97223 batch of 
devices, at approximately 9V and 17V for the 1 Jlm and 2Jlm thickness membranes 
respectively. It was thought interesting to investigate the effect of this on the ultrasonic 
properties of the device. To achieve this, an experiment was perfonned using a pair of 
Imm square transducers with 2Jlm thick membranes (both 97223 A 7). The bias was 
varied on the source transducer, while a fIxed bias of 30V was applied to the receiver. 
The experimental set-up was the same as used above in Figure 3.13. 
The results are shown in Figure 3.22. The time wavefonns (a) show a defInite 
change in the transducers characteristics as the bias is increased. The signal has both 
increased in amplitude, as well as frequency. This is more clearly seen in the plot of 
relative frequency spectra (Figure 3.22 (b». It appears that as the bias is increased past 
the membrane 'snap-down' voltage, its peak frequency response increases from 
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approximately 900kHz to 1. 1 MHz. Its bandwidth (-6dB), however, decreases from 
approximately IMHz (200kHz to 1.2MHz) to 700kHz (600kHz to 1.3MHz), as the 
device becomes more resonant. Hence, it appears that this device can be operated in two 
'modes' selectable by the applied bias voltage. The observed increase in sensitivity after 
the membrane snap-down is due to the decreased air gap, and its more resonant mode of 
operation. 
10 
8 
6 
4 
>-
.s 2 
Q) 
"0 0 il -
a. 
·2 ~ 
-4 
·6 
·8 
·10 
2 4 6 8 10 
Time (j.lS) 
(a) 
0.5 
~ 
~ ! 0.4 
~ 
il 0.3 
a. 
E 
<II 
~ 0.2 
<II 
1i 
Il: 
0.1 
0.0 ~~'--'--' ......... '-'--'=~,.;;:~---
o 234 5 
Frequency (Mhz) 
(b) 
-OV 
- 2V 
- 4V 
6V 
- 8V 
- 1OV 
- 12V 
14V 
- 16V 
- 18V 
- 20V 
- 22V 
- 24V 
- 26V 
- 28V 
- 3OV 
Figure 3.22: (a) Time waveforms showing the 'snap-down' effect as the source bias is 
increased, and (b) their correspondingfrequency spectra. 
3.5.6 Examination of the characteristics of different device batches 
The static membrane deflection measurements and C-V analysis performed above 
indicated that there were differences in the membrane properties between the different 
device batches. This experiment was performed to examine the differences in the 
ultrasonic characteristics between the different device batches. As discussed above, the 
first trial batches (97204 and 97223), consisted of devices ranging in size from 10llm 
square up to Imm square. However, the latest optimised fabrication run (batch 98163) 
had device sizes ranging from 1 mm to 5mm square. Thus, for a cross-comparison of the 
differences between the batches, an experiment was performed using the Imm square 
devices. 
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Measurements were taken, comparing the 1 f.lm thi ckness membrane dev ices. 
They were all used as detectors , with a 20V appl ied bias, and pos itioned, in turn, IOmm 
from the lOMHz piezoelectri c source transducer. The device under tes t was coupled to a 
Cooknell charge amplifier, and waveforms were taken using a Tektroni x TDS430A 
oscilloscope. The results are shown in Figure 3.23, plotted with re lati ve sens iti v ity. This 
indicates that the optimised 98 163 batch, exhibits a sens iti vity of more than tw ice that 
shown by the o ther two devices, and a higher centre frequency. This could be attributed 
to its small er air gap. Note that the 97223 batch is tes ted afte r snap-down. It is ev ident 
that the optimisation has produced a more resonant dev ice, but still with a reasonable 
bandwidth. 
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Figure 3.23: Comparison of typical relative frequency spectra of the signals received 
from 1 mm square devices with 1 pm membranes from different batches (20 V applied 
bias), positioned 10mmfrom a 10MHz piezoelectric source. 
3.5.7 Discussion of preliminary characterisation 
The above experiments have shown that the dev ices exhibited wide-band width 
response, with typical centre frequencies of the order of IMHz. The ' benchmark ' lmm 
square devi ces with If.lm thick membranes from the optimised 98163 batch were found 
to exhibit peak frequency response at - 1.2MHz and a bandwidth of approximately 
900kHz (75%). The reasons for this wide-bandwidth behav iour will be di scussed below. 
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They have also been demonstrated to operate as reversible transducers, exhibiting the 
same frequency characteristics as sources and detectors. 
3.6 Transducer sensitivity calibration 
This section examines the absolute transmit / receive sensitivity of the 1mm 
square device with a IJ..lm membrane (98163 A9). To achieve this a calibrated 1/8" 
Briiel and Kjrer microphone (type 4138) was used. This was supplied with a calibrated 
frequency response extending up to 200kHz. Hence, the device was calibrated at 
200kHz. The following sub-sections describe the procedure used to calibrate the 
device(s) to obtain its source and receiver sensitivity. 
3.6.1 Source calibration 
The transducer was first calibrated as a source. A Wavetek signal generator 
(model 191) was used to supply a 200kHz tone burst excitation signal. This was 
connected to the transducer via a capacitive de-coupling box, to allow the application of 
a d.c. biasing voltage. The Briiel and Kjrer microphone was aligned axially with the 
micromachined transducer, and placed at a distance of lOmm (±lmm) from it. The 
microphone was attached to a preamplifier (type 2670), and a measurement amplifier 
(type 2606), the output of which was fed to a Tektronix 430A oscilloscope. The 
schematic diagram in Figure 3.24 shows this arrangement. 
Before the measurement was performed, the microphone/amplifier system was 
first calibrated using a piston phone (type 4231). This device gave a calibrated 1kHz 
(±O.l %) audio signal at a selectable sound pressure level (SPL) of 94dB ±0.2dB (1 Pa), 
and 114dB ±0.3dB (10 Pa). Note that the SPL levels stated here are relative to 20J.lPa. 
The microphone was placed in the aperture of the piston phone, and the amplitude of the 
signal measured. This was 190mV pk-to-pk and 1.88V pk-to-pk for the high and low 
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Figure 3.24: Schematic diagram of the apparatus used to calibrate the micromachined 
transducer as a source. 
output settings respectively. Hence, the sensitivity of receiver/amplifier sys tem was 
calculated as - 189 mVlPa (@1kHz). The calibrated frequency response chart supplied 
with the microphone was then used to obtain its sensitivity at 200kHz. From the 
supplied chart, the sensitivity of the microphone was 11.5dB ±0.2dB less than that at 
1kHz. Hence, the sensitivity of the system at 200kHz was 50.3mVlPa ±lmV/Pa. 
The micromachined dev ice was driven with a 20V pk-to-pk 200kHz tone burst, 
with a 20V bias. This was measured using an osci ll oscope probe, across the terminals of 
the transducer, and is shown in Figure 3.25(a). The signal received by the Bri.iel and 
Kj rer microphone is shown in Figure 3.25(b). This shows the main tone burst, followed 
by a lower amplitude bust caused by the secondary reflection between the dev ice and the 
microphone. The average amplitude of the main sine wave signal is - 20.2mV. Hence, 
this relates to a sound pressure of - 0.4 Pa (- 86dB), at an axial pos ition of lOmm when 
driven by a 20V pk-pk 200kHz signal with 20V bias. Thus, the source sensi ti vity is 
approximately 20m PaN (at an axial position of 10mm, @200kHz and 20V bias) . 
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Figure 3.25: (aJ 200kHz tone burst signa! used to dn-ve the micromachined transducer. 
(b) Received time waveformfrom a BrUe! and Krejr 1/8" microphone, positioned 10mm 
from a 1 mm square micromachined transducer with a 1 f.1!ll thick membrane. 
3.6.2 Receiver Calibration 
The transducer was also calibrated as a detector. This was achieved using a 
replacement technique, where firstly the calibrated Briiel and Kjrer microphone was 
positioned in the radiated field from a source transducer. The acoustic pressure at this 
position was then measured. The microphone was then replaced with the micromachined 
device, and the received signal recorded. The sensitivity of the micromachined 
transducer could then be calculated. 
A micromachined silicon backplate / polymer membrane capacitive transducer 
[21], with a 10mm aperture was utilised for the source. This was driven using a Wavetek 
signal generator (model 151) coupled to an ENI RF power amplifier (model A-300). 
This provided a 200kHz 100V pk-to-pk tone burst signal. A 150V bias was also applied. 
The liS" Brliel and Kjrer microphone was aligned axially with the source transducer, and 
positioned 20mm from its front radiating face. This distance was chosen as it is within 
the far field region of the source transducer when driven at 200kHz (the far field / near 
field boundary occurs at approximately 14.6mm). Before the measurement was taken, 
the microphone \ amplifier system was again calibrated using the same procedure as 
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discussed above. This time, the sensitivity of the receiver system was calculated to be 
195mVIPa ±2mVlPa (@200kHz). Note that this was a different sensitivity to the 
previous measurement, as a higher sensitivity was selected on the receiver amplifier. 
A measurement was then taken of the signal from the polymer filmed transducer. 
The received waveform is shown in Figure 3.26(a). The average amplitude of this signal 
(ignoring the first two larger cycles) is -23.6V. This relates to an acoustic pressure of 
121Pa (135.6dB). The Briiel and Kjrer microphone was then replaced with the 
micromachined device. This was connected to a Cooknell charge amplifier, which also 
supplied a 20V bias. Another measurement was taken with this device, and is shown in 
Figure 3.26(b). This exhibited and average amplitude of -24.8mV. Hence the 
sensitivity of the micromachined transducer / Cooknell amplifier system, with 20V 
applied bias, was -O.2mVlPa (-73.9dB re IVlPa), at 200kHz. As the Cooknell charge 
amplifier has a specified sensitivity of 2S0mV/pC, the sensitivity of the micromachined 
detector can also be specified as O.8fClPa, at 200kHZ. 
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Figure 3.26: Time waveform from, (a) a calibrated Brilel and Kj(£r 1/8" microphone, 
and (b) a J mm square micromachined detector with a 1 JOn thick membrane placed 
20mm away from a JOmm diameter polymer filmed capacitive source driven bya 200kHz 
tone burst signal. 
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3.6.3 Discussion of sensitivity calibration measurements 
The experiments above were conducted at a frequency of 200kHz, as this was the 
upper limit of the frequency response of the Briiel and Kjrer microphone. Examination 
of the frequency characteristics obtained above for the 1mm square \ 1J.!m membrane 
micromachined transducer (98163 batch), shows that its response at 200kHz is 
approximately nine times less than its response at its peak frequency of 1.2MHz. Hence, 
its sensitivity, as a receiver, at 1.2MHz would be of the order of 1.8m V lPa, and as a 
source, 180mPaN. 
3.7 Effect of membrane geometries 
This section examines the effect of membrane thickness, and membrane size on 
the sensitivity and frequency characteristics of the optimised 98163 batch of transducers. 
3.7.1 Membrane thickness 
This experiment examined the effect of membrane thickness, on the 
characteristics of the transducer. A selection of 1mm square devices were used, with 
membranes of O.Sj..tm, 1J.!m and 2j..tm in thickness (wafers A8, A9 and A12 respectively). 
These were each used as receivers, in turn, with the 10MHz Panametrics piezoelectric 
immersion transducer as a source. The experimental set-up was the same as that used 
previously (see Figure 3.15), with the micromachined transducer under test connected to 
the Cooknell charge amplifier, and the piezoelectric source connected to the Panametrics 
pulser unit. A 10mm propagation distance was used. Waveforms were recorded for each 
transducer, with applied bias voltages of SV, 10V, 15V, 20V, 2SV, and 30V. 
Figure 3.27(a) shows a comparison of the waveforms received by the transducers, 
with 20V applied bias. Their corresponding frequency spectra are also shown, plotted 
with (b) relative amplitude, and (c) normalised amplitude. The three time waveforms 
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show well -damped wide bandwidth signals, with the transducers with thinner membranes 
clearly exhibiting higher amplitude signals. The comparison of their frequency spectra 
also shows this increase in sens itivity, with the O.5flm device exh ibiting approximately 
three times more sensitivity than the 2flm device. An increase in frequency response for 
the dev ices with thinner membranes is also ev ident from the normalised frequency 
spectra, with peak frequencies of approx imately O.8MHz, 1.2MHz, and l.4MHz for the 
2flm, Iflm and O.5flm devices respectively. 
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Figure 3.27: (a) Comparison of the waveforms received by three Imm square 
transducers with 0.5 J.1lrl, 1 J.1lrl and 2 J.1lrl thick membranes (20 V bias), and their 
corresponding frequency spectra, plotted with (b) relative amplitude, and (c) normalised 
amplitude. 
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Figure 3.28 shows the peak sensitivities for the three devices, taken from their 
calculated frequency spectra, plotted against applied bias voltage. It can be seen that 
these values are approximately consistent with a linear relationship. Neglecting the 
displacement of the membrane, and hence the change in air gap, this could be expected, 
as the change in charge (converted to voltage by the charge amplifier) is proportional to 
applied bias voltage. However, the application of this bias voltage also deflects the 
membrane, decreasing the air gap. In Chapter 2, it was shown that the sensitivity of a 
capacitive transducer was proportional to the square of the air gap (assuming a basic 
parallel plate capacitor model). Thus, a decrease in the air gap would lead to an increase 
in sensitivity of the device. 
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Figure 3.28: Comparison o/peak sensitivity o/transducers with O.5f.1111, If.1l11 and 2f.1111 
thick membranes. 
Thus for higher bias voltages, an additional increase in sensitivity should also be 
observed. Referring back to the static displacement measurements, the observed 
maximum deflection of the membrane at 30V bias (for the 98163 A9 (l/lm) device) was 
approximately 400nm. The nominal air gap plus the membrane thickness is 
approximately 3/lm, hence the change in sensitivity due to this displacement (ignoring 
the dielectric properties of the membrane) should increase by a factor of approximately 
1.3. Hence, the increase in sensitivity due to the deflection change is minimal compared 
to that due to the increase in applied bias, thus a linear relationship was observed. 
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Figure 3.29(a) shows the peak, -6dB upper and lower cut off frequencies, and (b) 
the -6dB bandwidths, for each of the transducers plotted against applied bias. For all 
three thickness membranes, an increase in their upper, lower and centre frequencies can 
be observed as the applied bias voltage increases, while the bandwidth remains 
approximately constant. Also, note that the change in the frequency response between 
the devices is less for the thicker 2J.lm membrane. 
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3.7.2 Membrane lateral dimensions 
This experiment examined the effect of the transducers lateral dimensions on its 
characteristics. Four devices were tested, they were 1mm, 2mm, 3mm, and 5rnrn square 
in size, each with membranes of 1J.lrn thickness (all 98163 A9 batch). They were used as 
detectors, with the 10MHz Panametrics piezoelectric immersion transducer as a source. 
A lOmm (± lmm) propagation distance was used. The experimental set-up was the same 
as used previously. Wavefonns were first taken with an applied bias voltages of20V for 
each of the transducers. 
The frequency spectra of the measured waveforms, taken with 20V bias, are 
shown in Figure 3.30, plotted with relative sensitivity (a), and nonnalised sensitivity (b). 
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It is immediately ev ident that the frequency response of all the dev ices is very s imil ar, 
implying that the phys ical size of the transducer (for the range studi ed here) has little 
effect on the frequency response of the dev ice. As expected, the freq uency spectra 
plotted with re lative amplitude show large differences in sens itivity between the devices, 
due to their different ac ti ve areas. To examine thi s further, Figure 3.3 1 shows a 
comparison of the ir peak sensitiviti es. Also plotted in the fi gure is the predicted 
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Figure 3.31: Comparison a/the measured peak sensitivity o/transducers a/size imm, 
2mm, 3mm, and 5mm square. Predicted sensitivity also shown. 
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sensitivity, calculated simply from the difference ratios of the active areas of the 
transducers. (i.e. the predicted sensitivity of the 5mm square device is simply 25 times 
the measured sensitivity of the ] mm device). It can be seen that these predicted 
sensitivities are slightly higher than those measured. This is probably due to diffraction 
losses from the source transducer; hence, there would not be equal acoustic pressure over 
the surface of the larger device. 
The experiment was then repeated, this time for a variety of bias voltages, from 
5V to 30V in 5V increments. Figure 3.32 shows the measured peak sensitivity, (-3dB) 
upper and lower cut-off frequencies, and bandwidth for each device plotted against bias 
voltage. It is immediately evident that there again appears to be is very little difference 
in the frequency characteristics of all the devices, with perhaps the exception of the 1 mm 
square device exhibiting slightly higher characteristics than the others. In addition, as 
observed in the previous experiment, as the applied bias voltage is increased, the peak 
frequency, and the upper and lower (-3dB) cut-off frequencies increase, while the overall 
bandwidth remains approximately constant. 
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3.8 Preliminary experiments in liquids 
The experiments described above have all been conducted in air as the 
transducers were primarily designed for air-coupled work. However, during this study 
some preliminary experiments were also conducted with the transducers used in 
immersion. The following sections describe these measurements. 
3.8.1 Experimental Technique 
The design of these transducers, with the etch holes through the membrane, 
meant that immersion in water was not possible as it would soon ingress into the device. 
Hence, for these measurements a low conductivity; low viscosity oil was used instead. 
This preliminary measurement was performed to study the characteristics of the 
micromachined devices in liquids. This utilised a IOMHz piezoelectric immersion 
transducer as a source. A 1mm square transducer with a 111m thick membrane was used 
as a detector. A calibration of detection characteristics was performed by comparison to 
a 1mm diameter PVDF needle hydrophone from Precision Acoustics Ltd. This had a flat 
frequency response (±4dB) extending from 200kHz to 15MHz, with a sensitivity of 
970mVlMpa@3MHz. Firstly, the hydrophone was placed in the oil at an axial distance 
of 20mm from the 10MHz piezoelectric transducer. A Panametrics pulser unit was used 
to drive the piezoelectric source. A waveform was then taken and stored. The 
hydrophone was then replaced with the micromachined detector, and a second waveform 
was taken. 
3.8.2 Results and discussion 
The waveforms and their corresponding frequency spectra are shown in Figure 
3.33(a&b) for the hydrophone and micromachined detector respectively. It is 
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immediately evident that the waveform is well damped, and its frequency has increased 
markedly beyond that measured in air for the same device. There are several factors that 
may explain this extended bandwidth. Firstly, the membrane is more highly damped by 
the liquid than air, and immersion in the liquid pushes the membrane closer to the fixed 
electrode. Attenuation of higher frequencies in the liquid is also lower than that in air. A 
final factor is that the acoustic impedance of the membrane itself will be much better 
matched to the liquid than air, increasing the efficiency of the device. 
Examination of the waveform shows an oscillation that, from the frequency 
spectrum, has a centre frequency of approximately 8MHz. This corresponds to a 
thickness resonance of the O.5mm thick silicon substrate upon which the device was 
fabricated. This resonance has also been found in devices produced by Stanford 
University, and is a contributing factor in the cross-coupling between elements in array 
structures [22-24]. Note that here, a simple method to remove this problem would be to 
thin the silicon wafer sufficiently to move the resonance above the upper frequency cut-
off of the device. 
Note that the waveform from the micromachined transducer is monopolar, 
whereas the hydrophone output is bipolar. Interestingly, differentiation of Figure 3.33(b) 
gives a waveform and frequency spectrum that is very similar to that of the hydrophone 
(with the addition of the resonance at approximately 8MHz). This is shown in Figure 
3.34. This perhaps indicates that the micromachined detector is responding more to 
particle displacement than pressure when in liquids. 
Comparison of the pk-pk amplitudes of the hydrophone and micromachined 
device waveforms, the sensitivity of the transducer / Cooknell charge amplifier was 
calculated as 551mV/MPa (±30mV/MPa) which was approximately half that of the 
PVDF hydrophone (970mV/MPa). 
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3.9 Discussion 
The initial characterisation experiments demonstrated that in air all the devices 
examined exhibited wide-bandwidth response, with typical centre frequencies of the 
order of 1MHz. The 'benchmark' 1mm square devices with 11lm thick membranes from 
the optimised 98163 batch were found to exhibit a peak frequency response at -1.2MHz 
and a bandwidth of approximately 900kHz (75%). Note that this is far greater than that 
reported in devices produced by the Stanford group, which were typically 5% to 20% 
[13]. As mentioned previously, the latter devices used a cellular structure where each 
transducer was constructed from thousands of parallel elements, each of typically 50llm 
in diameter. These have been successfully modelled using a simple membrane and 
resonant cavity technique [14]. Each individual cell is generally highly resonant, thus to 
produce a wide bandwidth device a selection of different size elements (hence with 
slightly different resonant frequencies) is used. However, conversely, trends in the 
devices studied here, with far greater lateral dimensions, have indicated that their 
frequency response is independent of membrane size. This perhaps implies that the 
mode of operation observed in these devices is more akin to the polymer membrane 
transducers with ridged backplates, than that seen in the Stanford and Siemens devices. 
The WYKO surface profile measurements perhaps give an indication to the wide-
bandwidth behaviour observed. Under high bias conditions, all the devices showed signs 
of uneven height variations (buckling) in the surface profiles. These perhaps indicate 
inconsistencies in the silicon nitride membrane material itself. It is thought that these 
random variations play an important part in device operation. Such randomness is 
observed in similar capacitive polymer devices, as tiny air pockets trapped between the 
membrane and backplate, and has been suggested that this results in the wide bandwidth 
behaviour of such devices. 
The trends observed with applied bias demonstrated a small shift in the centre 
frequency response (typically by 20% between OV and 30V). However very little change 
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in the overall bandwidth of the device was observed. This could be expected, as when 
bias voltage is increased, the membrane is deflected more, and hence membrane tension 
increases and thus its resultant frequency response. 
The preliminary immersion work described above demonstrated increases in 
sensitivity and frequency response when in liquids. Similar trends were seen with the 
polymer membrane device studied in the previous chapter. This work also highlighted 
problems caused by the holes in the membrane, when used in liquids, due to the slow 
ingress of oil into the air cavity resulting in reduced sensitivity. This typically occurred 
after a few minutes of immersion. A method of refilling the holes after etching of the 
sacrificial layer has been found and future batches of devices may use this to enable them 
to be used successfully in immersion. 
Generally, the mechanisms involved in the operation of these devices are very 
complex and hence very difficult to model. Membrane dynamics depend on a large 
number of factors such as, position of edge anchor points, membrane material properties, 
and the position and size of etch holes in the membrane. Hence, thorough analysis of the 
dynamic operation of these devices would require finite element modelling (FEM) of 
such a structure. Such work is outside the scope of this initial study performed here, and 
would form the basis of work required for further study of these devices. 
3.10 Conclusions 
This chapter has described the fabrication and characterisation of a new and novel 
type of fully micromachined silicon transducer. These differed from other similar 
devices reported in the literature as they consisted of a single thin large lateral 
dimensioned membrane, whereas the former generally consist of a cellular structure of 
smaller membranes and resonant air cavities. 
The static membrane deflections of transducers from two preliminary batches, 
and a further optimised batch of devices have been measured. A 'Snap-down' effect was 
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observed in the 97223 batch of devices with the bias voltage at which this occurred 
depending on the thickness of the membrane. Their C-V characteristics have also been 
measured, and found to be in relatively good agreement with their displacements. 
In air, a variety of characterisation experiments have been performed. These 
demonstrated that the transducers were reversible, with typical peak frequency response 
at approximately 1.2MHz, and bandwidths (-6dB) of approximately 900kHz (75%). 
This is much greater than that reported for similar micromachined devices. The effect of 
'snap down' observed in the 97223 batch of transducers on its ultrasonic characteristics 
was also studied and it was found that they effectively operated in two modes, one with 
lower sensitivity and wider bandwidth, the other with greater sensitivity but with reduced 
bandwidth. Repeatability between devices from the same batch was found to be 
excellent. 
The effect of membrane width has been examined, with little change in the 
frequency response between the devices (tmm to 5mm square) observed. Hence, it was 
concluded that the transducer's frequency response is relatively independent of the 
physical size of the transducer. The effect of membrane thickness was also investigated, 
and trends showed that thinner membranes resulted in greater bandwidth and sensitivity 
and higher centre frequency response. 
The effect of bias voltage on the transducers characteristics has also been studied. 
It was found that increasing the bias tended to increase the peak/centre frequency 
response of the transducer, while its bandwidth remained approximately constant. 
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4 Radiated Fields of SUiface Micromachined 
Transducers 
4.1 Summary 
This chapter continues with the characterisation of the surface micromachined 
silicon transducers, whose fabrication and initial characterisation were described in the 
previous chapter. The first section investigates their dynamic membrane displacements, 
when driven by a broadband transient excitation, using optical interferometry. This is 
followed by measurement of the radiated fields from 2mm, 3mm, and Smm square 
transducers using both broadband transient, and narrowband tone burst excitation 
signals. The theoretical sound pressure fields from 2mm, 3mm, and 5mm square plane 
piston sources are calculated and compared to those obtained experimentally. 
4.2 Introduction 
The previous chapter described the fabrication and initial characterisation of the 
silicon surface micromachined transducers. This chapter continues their characterisation, 
firstly by an examination of the dynamic movement of their membranes using an optical 
technique, and then by investigating their sound pressure fields. Knowledge of these 
radiated sound pressure fields is important for NDE applications such as through-
transmission and lamb wave systems [1,2], to allow accurate retrieval of information 
from the medium under test. No previous work on the study of fields from fully 
micromachined transducers seems to have been published. 
As discussed in Chapter 2, the main alternatives to the capacitive air-coupled 
transducer are piezoelectric based devices, with the nearest equivalent in terms of 
comparable bandwidth and sensitivity being the 1-3 connectivity piezocomposite 
transducer [3]. Work with the latter, however, has shown that they exhibit very complex 
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phase changes across their front aperture due to their composite construction of pillars of 
piezoceramic and filler material [4]. This results in complicated sound pressure fields 
that are difficult to calculate. Hence, transducers with well-behaved sound pressure 
fields that can be approximated by plane piston approximations are desirable. 
The first section in this chapter examines the dynamic movement of the 
micromachined transducers membrane, using an optical approach, to measure the surface 
velocity of the transducer when driven with a broadband transient voltage signal. This 
information is then used in the second section for calculation of the theoretical 
broadband sound pressure fields. A comparison of the measured and theoretical fields is 
then made. 
4.3 Optical measurement of surface velocity 
4.3.1 Background 
The use of optical methods to measure the movement of surfaces has been 
popular for many years [5]. Such systems generally utilise a laser as a light source, and a 
photo detector as a receiver. They can be used to directly detect ultrasound in solids, 
where contact transducers may be problematical, by directly measuring the movement of 
their surface [6-9]. There are several common techniques of achieving this, including 
interferometers and knife-edge beam detection. Two of the most common types of 
interferometer are the Michelson and Confocal Fabry-Perot [8], although there are also 
many other derivatives available. They have several advantageous characteristics, such 
as being non-contact in nature, and exhibiting very flat frequency responses (over a finite 
range). However, many designs are expensive due to the high precision optics required 
in their construction Here, a Michelson type interferometer is used to directly measure 
the dynamic membrane displacement of a 1 mm square transducer, with a Illm thick 
membrane (98163 batch) when driven with a broadband transient voltage excitation 
signal. The measurements were taken by the author in the laboratories of Professor R.I. 
94 
Chapter 4: Radiated fi elds of Surface Micromachined Transducers 
Dewhurst at the Department of Instrumentation and Analytical Science (DIAS) at 
UMIST. 
A schematic diagram of the Michelson interferometer system is shown in Figure 
4.1. It consisted of a HeNe laser source whose beam passed thorough a beam splitter. 
One of these beams was refl ected off a reference mirror, and back to a photo detector. 
This is known as the reference beam. The other was focused onto the (moving) 
refl ective transducer membrane, and refl ected back to the same photo detec tor. This 
beam is ca lled the target beam. When the beams are recombined interference occurs 
between the reference and target beam. Hence, movement of the membrane surface can 
be measured, either as a change in intensity (phase change) for small displacements, or a 
number of fringes for greater target motion. The membrane needs to displace by A/4 to 
cause the intensity measured by the photo detector to go between minimum and 
maximum (j .e. one fringe). This is 158nm, as A=632nm for HeNe lasers. The 
interferometer was operated in the region where the rate of change of intensity with 
defl ection of the membrane was greatest (j.e. half way between the minimum and 
maxImum peak intensity). To keep the interferometer in this state, an electronic 
stabilisation system was used. This utili sed a piezoelectric-drive attached to the 
Reference Mirror 
Micromachined ---l 
Reference 
Beam 
Transducer 
(Moving surface] 
.......... 1III!III!IIlII-- .. -~4---..-- [ ~HeIliNllie""c·w-·---·---l7ft~--Target 
Beam Beam 
Loser Splitter 
Recombined 
Beams 
Stabilisatio n 
I Photodetector 
'---- - Signal out 
Figure 4.1: The Michelson interferometer. 
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reference mirror, with feed back from the photo detector, effectively adjusting the path 
length of the reference beam. This feedback system is generally a low-pass filter with an 
upper cut-off frequency of approximately 1kHz, thus stabilising the system against low 
frequency vibrations. 
A 1mm square device with a 1!J.m membrane (98163 A9) was positioned so that 
the incident beam from the beam splitter was at its centre. Note the spot size was 
approximately 1mm in diameter; hence the average surface displacement was being 
measured. The transducer was then carefully aligned so the target beam was reflected 
back to the beam splitter, and onto the photo detector. The transducer was driven by an 
Avtec pulser unit (model AVRH-1-C), which supplied a O.1!J.m, 75V square transient 
pulse. This was connected to the transducer via a capacitive de-coupling box, to allow 
the application of a d.c. bias voltage. The output of the photo-detector in the Michelson 
interferometer was connected to a digital oscilloscope, which in turn was connected to a 
PC via a aPIB bus to allow the storage of waveforms. Surface displacement 
measurements were then taken, for applied bias voltages of OV to 30V in 5V increments. 
Figure 4.2(a - f) shows the results of these measurements, plotted as 
displacement-time waveforms. It is can be seen that the waveforms show well-damped 
responses, similar in form to those presented in Chapter 3, with typical displacements of 
the order of a few nm. Also interesting to note is the effect of the applied bias on the 
membrane displacement. At low bias voltages (OV to 15V), a 'tail off' is evident after 
the initial pulse, as the membrane returns to its equilibrium position. It appears that this 
tail reduces with increasing applied bias. This could be expected, as the membrane 
restoring forces would increase, with greater bias voltages. 
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The theory for radiated pressure fields from transducers requires knowledge of 
the velocity waveform of the transducer surface, and not the displacement. These were 
obtained by differentiation, and are shown together with their corresponding frequency 
spectra in Figure 4.3. Note that this differentiation operation has increased the noise 
present in the waveforms. With 20V applied bias (the same bias used in the 
characterisation experiments above), the waveform and its frequency spectrum are in 
good agreement with those previously obtained ultrasonically, (see Figure 4.19). The 
peak frequency response is approximately 1.2MHz, with a bandwidth of approximately 
900kHz, ranging from 800kHz to 1.7MHz. The increase in peak frequency response, as 
observed in the last chapter, with applied bias, is also evident here. 
4.4 Radiated sound pressure fields 
4.4.1 Background 
Previous work, examining the radiated sound pressure fields from capacitive 
transducers with metallised polymer membranes, has shown they can be modelled using 
a planar piston in a ridged baffle approximation [10]. This model was described in 
Chapter 1, and assumes the transducer resembles a plane piston, vibrating with a uniform 
surface velocity, held within and infinitely large wall. This section examines the radiated 
pressure fields from the fully micromachined transducers (size 2mm to 5mm square), by 
first measuring them, and then comparing to pressure fields predicted using the 
aforementioned theory. 
4.4.2 Radiated field measurements 
The radiated fields were measured by scanning with a miniature detector, and 
storing waveforms as a function of position. The miniature detector used was a SOOJlm 
square micromachined transducer with a IJlm thick membrane (from batch 97204). This 
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Figure 4.3: Calculated surface velocity, and corresponding frequency spectra, of a 1mm 
square transducer with a 1 pm thick membrane, driven bya TSV 0.1 JlS transient pulse, 
with an applied bias of (a) Ov, (b) Sv, (c) 10V, (d) lSV, (e) 20V, (j) 2SV, and (g) 30V. 
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Figure 4.3: (Continued) Calculated surface velocity, and corresponding frequency 
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was mounted on a purpose built probe. A photograph of this is shown in Figure 4.4. 
Ideally, this detector should be less than a wavelength in diameter at the frequency of 
interest to prevent directivity problems. However, for sufficient sensitivity, a 500~m 
detector was required. This 500Jlm square device was approximately two wavelengths in 
size at the maximum frequencies studied here (l .5MHz). Its directivity characteristics 
were examined by scanning a source transducer in a radial motion around it in 0.25° 
increments. A capacitive transducer, with a 10mm aperture, fitted with a polymer 
membrane was utilised as a source, and was driven with a IMHz tone burst signal. The 
500Jlm detector was positioned well into its far field at an axial position of 
approximately 200mm. The directivity plot obtained is shown in Figure 4.5. It is 
evident that at this frequency, the detector cannot be considered omni-directional at 
IMHz, and this would have some influence on the measured pressure fields, by being 
less sensitive to signal paths at angles away from the axis. 
Figure 4.4: Photograph of the 500;.un square micromachined detector miniature probe 
used to measure the radiated sound pressure fields. 
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Figure 4.5: Directivity plot of a 500j.1m square micromachined detector, measured 
using a IMHz tone burst signal. 
A schematic diagram of the complete scanning system is shown in Figure 4.6. A 
2-axis linear scanning stage fitted with stepper motors was attached to a custom-built 
stepper motor controller. This was interfaced to a PC, via a serial link, to allow full x:y 
computer control of the stage. The specifications of the scanning stages are given in 
Appendix A. The computer also controlled a Tektronix TDS430A digital oscilloscope 
via a GPIB bus, thus enabling waveforms to be taken and stored. A Lab VIEW™ virtual 
instrument (VI), was written to scan the x:y stage in a raster fashion, while taking and 
storing waveform data from the oscilloscope as a function of position. The transducer 
under test was placed in the fixture box, and positioned so its sound field was radiating 
horizontally. The miniature detector was mounted onto the x:y stage and positioned 
axially to the transducer under test. A photograph of this arrangement is shown in Figure 
4.7. 
The field scans were initiated 2mm (±O.5mm) from the front active face of the 
transducer. This distance was required to allow clearance between the miniature detector 
and the DIL packages in which the transducers were mounted. A spatial frequency 
period of 200llm was used in all scans, over an area measuring 15mm by 30mm in the x 
and z directions respectively. Note that, as all the transducers scanned here were square, 
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Figure 4.6: Experimental apparatus used to scan the radiatedfieldfrom the 
micromachined transducers. 
Figure 4.7: Photograph of the scanning arrangement. 
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the 'radial' position is referred to as the x-position, and the 'axial' position thez-position. 
The field from a Smm square transducer was scanned, firstly using a broadband transient 
drive signal from a Panametrics pulser unit (SOSSPR). The pulser unit was then replaced 
by a Wavetek signal generator (model 191) that was used to supply a 20V pk-pk tone 
burst drive signal. The scan was then repeated with tone burst signals of 500kHz, 1MHz, 
and l.SMHz. This was then repeated again using the 3mm and 2mm square transducers. 
A bias of 20V was used throughout all the scans. Note that all the transducers examined 
had l/lm thick membranes, and were from the optimised 98163 batch of devices. A bias 
voltage of 20V was applied in all cases. 
The field scans were then analysed using another program developed in 
LabVIEW™ called PixieLab. This program, specifically written to process the 
waveforms captured by the X-Y Scan program, could perform a number of analysis 
tasks. These were namely, peak-to-peak amplitude, time of flight, maximum amplitude, 
minimum amplitude, peak frequency of the waveforms FIT, and amplitude of the 
waveform FIT at a specified frequency. All of these could be applied either to the whole 
waveform, or to a selected portion of the waveform with the use of a selectable 'analysis 
window'. 
Here, the program was used to extract the peak-to-peak amplitude and positional 
data from the stored waveforms. This was then plotted to create 3D images of the peak 
sound pressure fields for each of the devices. The plots obtained are shown in Figure 4.8 
to Figure 4.10 for the Smm, 3mm and 2mm square devices respectively. These figures 
each show the broadband plot, displayed both as a wire frame mesh plot and greyscale 
image, where lighter shading represents higher amplitude, and the three tone burst plots, 
plotted as greyscale images. As expected. in each case, the narrow band tone bust plots 
show far more complex variations within the near field than the broadband transient 
plots. The shift in position of the near field I far field boundary can also be clearly seen 
between the tone burst plots, moving closer to the source transducer as the frequency 
decreases. Side lobes are also evident in the far field regions. 
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Figure 4.8: Measured amplitude field plots for a 5mm square micromachined source 
when dn'ven with (aJ broadband transient, (b) a 500kHz, (c) IMHz, and (d) 1.5MHz tone 
bursts. 
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Figure 4.9: Measured amplitude field plots for a 3mm square micromachined source 
when driven with (a) broadband transient, (b) a 500kHz, (c) lMHz, and (d) 1.5MHz tone 
bursts. 
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4.4.3 Predicted sound fields and comparison to measured fields 
The theoretical fields were calculated using the plane piston approximation for a 
square/rectangular transducer proposed by Emeterio and UIlate [11], which was outlined 
in Chapter 1. A Matlab ™ program was developed to calculate the spatial sound pressure 
fields from 2mm, 3mm, and 5mm square plane piston sources, using the latter method. 
The program listing for this is shown in Appendix B. The surface velocity drive 
waveforms, v(tJ. used in the simulations were obtained from: 
(4.1) 
where, f is the centre frequency of oscillation, and K is a constant that defines the 
bandwidth of the resultant drive velocity. Figure 4.11(a) shows an example of these 
waveforms, as a IMHz tone burst (K=0.5) (a) and a broadband (K=4.5), centre 1.2MHz, 
surface velocity. Their corresponding frequency spectra were also calculated and are 
displayed in (b). For broadband transient simulated waveform, the centre frequency of 
1.2MHz was chosen, as the interferometric measurements performed above found the 
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surface velocity to exhibit this peak frequency with 20V applied bias. An approximation 
of the effect of atmospheric absorption was also included in the theoretical sound fields, 
by calculating the attenuation for the drive frequency used. at each z position in the field. 
and then multiplying these to the calculated field. This correction was done after the 
fields were calculated with the Matlab ™ program. 
The predicted sound pressure field plots for Smm. 3mm. and 2mm square plane 
positions are shown in Figure 4.12 to Figure 4.14 respectively. They are displayed in the 
same way as the measured field plots to allow easy comparison. 
Examination of the measured and theoretical plots show they agree well. with 
similar far field Inear field boundaries and similar side lobe positions in the narrowband 
tone burst plots. Worth noting is the effect of atmospheric attenuation on the l.SMHz 
tone burst plots, where the signal decay with distance can be easily seen in both the 
measured and theoretical plots. The variations within the nearfield regions (on the tone 
burst plots) are less apparent on the measured fields than the theoretical ones. This could 
be attributed to spatial averaging over the finite size of the miniature detector. and the 
directionality of the detector. In addition. the higher angle side lobes present in the 
predicted tone burst plots for the smaller devices. are absent in the measured fields. This 
could also be attributed to the directionality of the detector. 
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Figure 4.12: Theoretical sound pressure field plots for a 5mm square plane piston 
source when driven with (a) simulated broadband surface velocity, (b) a 500kHz, (c) 
IMHz, and (d) 1.5MHz simulated tone burst. 
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Figure 4.13: Theoretical sound pressure field plots for a 3mm square plane piston 
source when driven with (a) simulated broadband surface velocity, (b) a 500kHz, (c) 
IMHz, and (d) 1.5MHz simulated tone burst. 
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Z Position (mm) 
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Figure 4.14: Theoretical sound pressure field plots for a 2mm square plane piston 
source when driven with (a) simulated broadband surface velocity. (b) a 500kHz, (c) 
IMHz, and (d) 1.5MHz simulated tone burst. 
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4.5 Discussion 
The interferometric membrane measurements described above showed that 
typical membrane deflection amplitudes were of the order of a few nm. Note that this is 
very small compared with the static displacements, with an applied d.c. bias, measured in 
the previous chapter. These were typically of the order of 300-400nm. This may 
perhaps help in the linearity of these devices. It is also worth noting that the measured 
static membrane displacements were also very small compared to the wavelength of the 
generated ultrasonic signal (typically -O.3mm for 1.2MHz). Thus, the front surface of 
the device could be considered effectively flat at the ultrasonic frequencies generated. 
This was perhaps demonstrated by the well-behaved nature of the measured radiated 
fields. 
Comparison of the measured and theoretical radiated sound pressure fields 
showed good qualitative agreement, demonstrating that they can be accurately modelled 
with a plane piston approximation. Thus, in an NDE system utilising these devices, 
information can be easily obtained from the medium under test. However, it is worth 
noting that only relative peak sound pressure amplitudes were plotted, as the detector did 
not have absolute calibration. In addition, the simulated surface velocities used in the 
theoretical plots were of arbitrary amplitude. 
4.6 Conclusions 
This chapter continued with the characterisation of the surface micromachined 
silicon transducers, whose fabrication was described in the previous chapter. Their 
dynamic membrane displacements were studied using a Michelson type interferometer. 
Typical measured displacements were of the order of a few nm when driven by a 75V 
O.lJls transient voltage, with their frequency responses in good agreement with those 
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measured in the previous chapter using ultrasonic methods. This again confirmed that 
the peak frequency response of the transducers was in the MHz region, typically at 
1.2MHz (@ 20V bias) for the transducers examined here. 
The radiated fields from 2mm to 5mm square micromachined transducers were 
measured when driven with both broadband and narrowband tone burst excitation 
signals. They were found to exhibit well-behaved sound pressure fields. Theoretical 
pressure fields were calculated using a plane piston approximation and compared to the 
experimental fields, with good agreement found. Such knowledge is important for future 
applications of such devices. 
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5 Air-coupled line-Jocused transducers 
5.1 Summary 
This chapter examines the development and characterisation of two variants of 
capacitive air-coupled line-focusing transducer. Focusing is achieved using shaped 
backplates, one being cylindrically concave, and the other conically shaped, to produce 
lines of focus. The design and construction of each of these transducers is described. 
Firstly, preliminary measurements are performed to examine the frequency 
characteristics of each transducer. Their sound pressure fields are then examined, by 
scanning with a miniature detector, and comparing to theoretical plane piston models. 
Further experiments are described to determine the resolution of the transducers. An 
application of surface imaging, using both devices for comparison is also studied. 
5.2 Introduction 
Over the last few years, there has been an ever-growing interest in the use of air-
coupled ultrasound for non-destructive evaluation (NDE) [1]. Applications, such as 
rapid non-contact inspection of engineering materials and structures in the aircraft 
industry, have been shown to utilise air-coupled ultrasound well [2,3]. There are also 
many other application areas, continually being developed, where the use of non-contact 
air-coupled ultrasound is of advantage [4,5]. It is obvious that many of these would 
benefit from focused air-coupled transducers (as opposed to planar ones). 
The focusing of ultrasound in air can provide relatively high resolutions at 
moderate frequencies when compared with that in solids or liquids. This is attributed to 
the relatively low velocity (-343.4 ms· l ) of sound in air resulting in smaller wavelengths. 
For example, a 700kHz ultrasonic signal in air would have a wavelength of 
approximately 0.49mm, compared with 2.14mm in water. In an ideal case, the resolution 
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of an ultrasonic imaging system is diffraction limited [6], and the width of the focal 
region of a spherical transducer is generally the order of a wavelength, A.. Hence, such 
systems could provide sub-millimetre resolution, adequate for a majority of applications. 
As discussed in Chapter 2, there are predominately two main types of air-coupled 
transducer, the piezoelectric transducer, and the capacitive transducer. There have been 
a few reported derivatives of the former device, with a focusing configuration [7,8]. 
With this design, focused devices can be simply manufactured by forming the 
piezoelectric ceramic element into a spherical (or concave) shape. Conversely, a fully 
focusing capacitive transducer is difficult to build, due to the problems associated with 
forming a shaped membrane. As discussed in earlier chapters, the capacitive transducer, 
in air-coupled mode, exhibits inherent advantages over its piezoelectric counterpart, so 
there is a relevant need for a focused version. 
Previous work [9,10] has shown that Fresnel zone plates can be used to focus 
ultrasound in water. Their use has since also been demonstrated in air by Schindel et al 
[11-13] who used them in the construction of a focusing capacitive transducer. This 
method of focusing proved successful, with a resolution of approximately 0.68mm being 
reported and applications of surface imaging demonstrated. However, there are a 
number of drawbacks. The first is due to the inherent operation of the zone plate, where 
a fixed frequency or tone-burst is required to give a fixed point of focus, so broadband 
operation is not possible. This results in the generation of side lobes, due to the use of 
these narrowband tone bursts, resulting in multiple phantom images being produced 
either side of the actual image. It has been demonstrated that these could be reduced 
with the addition of a suitable aperture. However, this is far from ideal. 
This chapter describes the development of two variants of line focusing 
transducer. These devices, cylindrical and conical transducers respectively, utilise 
curved backplates to create lines of focus. Note that a third fully focusing device, using 
an off-axis parabolic mirror to reflect the ultrasound to a point of focus was also studied 
and is described in the next chapter. The cylindrically shaped backplate creates a line of 
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focus perpendicular to the axis of the transducer, while the conical backplate device 
creates a line of focus on axis with the transducer. These two backplate contours were 
chosen to allow unproblematic attachment of the membrane material. A spherically 
concave transducer was considered, but construction was deemed too difficult, mainly 
due to the inherent complications of forming a suitably shaped membrane, and 
successfully attaching this to the backplate without any creasing or trapped air pockets. 
The layout of this chapter is as follows; firstly, a separate section is dedicated to 
each of the two designs of transducer, covering their construction, testing, and 
characterisation. These are then followed by an application section, examining the use of 
each of the transducers for surface imaging. The final section discusses the conclusions 
and areas where further work could be advantageous. 
5.3 A cylindrical focusing transducer 
5.3.1 Background 
Focusing is achieved with this transducer by using a backplate cylindrically 
concave along its length. This configuration creates a line of focus parallel to the face of 
the transducer, approximately at the centre of the radius of curvature. There has been 
some reported work on similar line-focusing devices for immersion applications. One 
such device, developed by Xiang et al [14], utilised a cylindrically shaped PVDP active 
element and was used for the measurement of leaky surface and bulk waves in solid 
materials. Another similar device, constructed from a curved piezoelectric ceramic 
element, was developed for the manipulation of particles held in suspension [15]. 
However, no literature on such a device for use in air could be found. 
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5.3.2 Transducer design and fabrication 
This transducer was based on the rigid fixed backplate / flexible membrane 
design, whose operation has been covered previously in Chapter 2. While designing the 
transducer, a number of considerations had to be made. Firstly, the choice of material 
for the backplate and its surface finish had to be determined. Referring back to the 
discussion in Chapter 2, about backplate surface topology, it was mentioned that 
micromachined backplates have been shown to improve bandwidth. However, for the 
prototype device it was decided to use a polished backplate, as opposed to one with a 
micromachined surface, for ease of manufacture. It was argued that such a device would 
produce sufficient bandwidth for the purpose of this investigation into focused devices. 
Brass was chosen as the backplate material as it could be easily machined and polished. 
Another design consideration was the choice of radius of curvature of the 
backplate, and hence the position of the focal line. Referring back to the section on 
focusing ultrasound in Chapter 1, it was shown that for strongly focusing spherical 
radiators (i.e. radius of curvature « near field / far field boundary) the focal point is 
approximately at the geometric centre of radius. It was decided that the transducer 
would have an active area of approximately 20mm x 45mm. This would result in a near 
field / far field boundary position at approximately 147mm from the transducer 
(assuming a 500kHz (} .. =O.68mm) centre frequency). Thus, a radius of curvature of 
28mm was chosen, this being well within the near field. and would give sufficient 
working distance between the focal line and the transducer while not being too distant 
for atmospheric attenuation to become a limiting factor. 
A cut-away schematic diagram of the device is shown in Figure 5.1 (membrane 
not shown for clarity). It consisted of a rectangular brass backplate. measuring 19.5mm 
wide by 45mm in length. which was polished by hand to give a mirror finish. An 
insulating nylon insert was utilised to retain this backplate within a machined aluminium 
casing. An electrical connection was made from the backplate to the centre pin of a 
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BNC connector mounted on the exterior of the device, with the case itself being 
grounded via the shield contact of this connector. Engineering drawings of the 
transducer can be found in Appendix C. 
Final assembly involved fitting of the membrane, which was done after thorough 
cleaning by an air jet. A 3.5)lm thick section of Mylar metallised film, large enough to 
cover the whole of the front of the device, was fixed in place by gluing around its edge. 
Electrically conducting silver paint was then used to connect the front metallised surface 
of the film to the case. This whole procedure was accomplished with an applied bias, to 
minimise trapped air between the membrane and backplate. A photograph of the fully 
assembled device is shown in Figure 5.2. Note there is obvious wrinkling of the 
membrane around the backplate area, while over the active area the majority of the air 
has been expelled from beneath it. This crinkling around the edges was found not to 
cause any unwanted effects, as will be seen later. 
Aluminium Case 
Nylon Insulator 
Polished Brass 
Backplate 
Figure 5.1: A cut-away schematic drawing of the cylindricalline-focusing transducer. 
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Figure 5.2: A photograph of the fully assembled cylindricalline-focusing transducer. 
5.3.3 Transducer characterisation - Initial experiment 
After construction of the transducer, a preliminary measurement was taken to 
examine its frequency response. The experimental set-up used is shown in Figure 5.3. It 
consisted of a Panametrics pulser-receiver unit (model 5055PR), used in pulse-echo 
mode, connected to the transducer via a capacitive de-coupling circuit (as described in 
Chapter 3). This enabled a dc bias (200V) to be superimposed upon the wideband 
transient drive voltage from the pulser unit. The receiver part of the Panametrics unit 
was connected to a digital storage oscilloscope (Tektronix TDS430A), allowing 
waveforms to be stored onto disk for later analysis. 
The transducer was positioned above a flat polished glass block, with its front 
face parallel to the surface. It was then carefully aligned to give maximum amplitude of 
the received signal, so that the focal region was on the surface of the block. 
Figure 5.4(a) shows the received waveform. It can be seen that a clean, weIl-
damped signal has been produced. It can also be noted that the time of arrival 
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Figure 5.3: Schematic diagram of the experimental apparatus for examination of device 
frequency response. 
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Figure 5.4: (a) Typical received pulse-echo waveform from a flat glass block, and (b) 
corresponding frequency spectrum. 
of the reflected wave was approximately 163)ls which corresponds to a distance of 
-55.9mm in air (assuming a velocity of 343.4ms·I ), hence a distance of 27.95mm 
between the transducer and the surface of the block. This is consistent with the designed 
focal length of the transducer (28mm). The corresponding frequency spectrum of the 
waveform is shown in Figure 5.4(b). From this it is evident that the transducer has a (-
6dB) bandwidth of approximately 700kHz, lower and upper frequency points of 150kHz 
and 850kHz respectively, and a peak centre frequency of approximately 400kHz. This 
response is typical for that of a polished backplate/thin polymer film device [16]. 
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However, something that should be noted is the effect of atmospheric absorption on this 
result. This needs to be taken into consideration, due to the relatively long transit 
distance (S6mm). Equation (1.13) from Chapter 1, was used to calculate the attenuation 
of signals in the range 0 to 3MHz, through S6mm of air at STP (i.e. T=To and P=Po). 
Figure 5.5 shows the result of this calculation. plotted as normalised relative amplitude 
against frequency. From this it is evident that air effectively acts as a low pass filter. 
with a -3dB cut-off frequency at approximately 500kHz. Using this information, the 
frequency spectrum of the pulse-echo signal was corrected to remove the effects of 
atmospheric attenuation. This is shown by the dashed line in Figure 5.5, along with the 
original frequency spectrum (solid line). Note that the peak(s) occurring at 
approximately 2MHz are due to the noise in the original spectrum being boosted by the 
correction operation. hence they can be ignored. Thus, the corrected spectrum has a 
wider (-6dB) bandwidth of approximately 1.2SMHz, ranging from -200kHz to 
-l.5SMHz, with peak response at a frequency of -500kHz. 
A further initial experiment was performed to examine how the received 
amplitude changed as the distance between the transducer and reflector was varied. The 
same set-up as in the previous experiment was used. except with the addition of a 
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Figure 5.5: Normalised attenuation of a wideband signal through 56mm of air at STP 
(dotted line). Original frequency spectra of received pulse-echo signal (dashed line), 
and corresponding frequency spectra corrected for attenuation in air (solid line) 
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micrometer stage to allow accurate vertical movement of the transducer. The transducer-
reflector distance was varied 15mm either side of the focal point (i.e. between 13mm and 
43mm), with O.5mm increments. Figure 5.6 shows the results obtained. Again, it is 
immediately clear that the point of maximum received signal is at a transducer-reflector 
distance of 28mm, the designed focal length. Also evident is that the area around the 
point of maximum amplitude is not symmetrical as might be expected. The reason for 
this was, again, thought to be due to atmospheric absorption of the signal. From 
Equation (1.13), the atmospheric attenuation of the signal from the focusing transducer 
can be calculated as 32.187dBm-1, assuming a centre frequency of 450kHz, and 
atmospheric conditions at STP. The received signal amplitude corrected for atmospheric 
attenuation is also shown in Figure 5.6. This operation has resulted in a slightly more 
symmetric plot. 
-- as measured 
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Figure 5.6: Measured signal amplitude with increasing transducer-reflector separation. 
(Designed focal length of transducer shown as dashed vertical line) 
5.3.4 Measured sound pressure fields 
Knowledge of the sound pressure field emanating from a transducer is important, 
as this can often be the limiting factor in an ultrasonic system. In this case, of a focusing 
transducer, the ability to characterise the pressure field is especially necessary. Thus, 
this section studies the radiated field from the cylindrical line-focusing transducer and 
examines how this compares to predicted theory. 
124 
Chapter 5: Air-coupled line-focused transducers 
The coordinate system employed in the following section is illustrated in Figure 
5.7. The length and width of the active area is defined as 2a and 2b respectively, with 
the origin positioned at the centre of the front concave face of the transducer. Thus, for 
this transducer that has an active area of 19.5mm wide by 45mm in length, a=22.5mm 
and b=9.75mm. 
" 
................................... 
Figure 5.7: Schematic diagram showing the coordinate system used. 
The pressure waveforms emanating from the focusing transducer were measured 
by scanning with a miniature detector. Ideally, this detector should be smaller in 
diameter than the acoustic wavelength being examined, to avoid spatial averaging and 
directional sensitivity errors. However, for high frequency operation (- lMHz), the 
receiver would need to be less than O.34mm in diameter. This, in practice, would be 
impractical due to reduced sensitivity, and hence lower received signal amplitude. Thus, 
a 500llm square micromachined detector with a 11lm thick silicon nitride membrane, as 
previously described in Chapter 3 & 4, was utilised for this experiment. This resulted in 
a detector with a diameter of less than two wavelengths at the upper frequencies 
examined (lMHz), with suitable sensitivity and bandwidth. 
A schematic diagram of the experimental arrangement used to scan the field is 
shown in Figure 5.8. It was scanned in a two dimensional horizontal plane (i.e. the x-z 
plane), with the source transducer positioned so that it radiated horizontally along the x -
axis, and focused in the x-z plane. The scanned plane intersected with the y-axis at a 
position of y=O (i.e. the centre of the focusing transducer). Scanning was achieved using 
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a PC, running the LabVIEW X-Y-Scan software, previously described in Chapter 4. 
This controlled a Tektronix TDS430A digital storage oscilloscope and a stepper motor 
controller, the latter driving a two-axis linear stage. The 500llm square detector was 
coupled to a Cooknell charge amplifier (CA6/C) with a gain of 250mV/pC, which also 
applied a bias of 30V to the detector. The signal from this amplifier was sent to the 
oscilloscope so that received signal waveforms at each field position were stored on the 
PC. All scans were performed using a spatial sampling frequency of 250llm (on both 
axis) unless otherwise stated. An area measuring 20mm by 35mm in the x and z 
directions respectively was examined, resulting in a scan 80 by 140 points in size. All 
scans were initiated atz=15mm from the centre of the membrane of the transducer. 
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Figure 5.8: Schematic diagram of the sound pressure field scanning system. 
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Two types of excitation signal were applied to the source transducer during these 
experiments. The first was a pulsed voltage excitation provided by the same Panametrics 
(5055PR) pulser-receiver unit used in the previous experiment. This produced a wide 
bandwidth, 350V transient signal. The second type of drive signal consisted of a 200V 
pk-pk tone burst excitation, produced using a Matec R.F. gated power amplifier (model 
515A) driven by a CW sine wave from a Wavetek signal generator (model 191). The 
frequency of the tone bursts used ranged from 500kHz to IMHz in 100kHz increments. 
A gating period of 20llS was used; resulting in approximately 10 and 20 cycle bursts for 
the lower and upper drive frequencies respectively. A bias voltage of 200V was applied 
in all cases. The peak sound pressure variations were obtained using the LabVIEW™ 
PixieLab program to measure the peak-to-peak amplitude of each of the stored 
waveforms for each positional location of the scan. 
The sound pressure field was first measured using the broadband transient drive 
signal from the Panametrics pulser unit. The results of this scan are shown in Figure 
5.9(a) as a wire frame mesh plot, and (b) as an interpolated greyscale image, where black 
represents low amplitude and white high amplitude. Note that the area where z<15mm 
has been arbitrarily shaded black to show the un-scanned area (recalling that the scan 
was initiated at z=15mm). These plots demonstrate that focusing has indeed taken place. 
This is evident as a single large peak, with maximal amplitude at z=28mm, the designed 
focal length of the transducer. 
The measurement above was then repeated, using the tone burst excitation drive 
signals previously described. The results were plotted only as interpolated greyscale 
images, and are displayed in Figure 5.10(a-f). Again, it is clear that a focused field has 
resulted in all plots, with maximum amplitUde at z=28mm. It was noted that interference 
fringes were also evident, caused by the constructive and destructive nature of the tone 
burst drive signal. These were not present in the broadband transient case, Figure 5.9. 
The tone burst frequency plots, Figure 5.10(a-f), also show that the size of the focal 
region is a function of frequency, with it approximately halving at IMHz compared to 
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that at 500kHz. To examine this further, cross sections of the sound field for the 
500kHz, 1MHz and transient drive signals at z=28mm were extracted from the measured 
sound field data. These were then normalised and re-sampled using a linear interpolation 
operation to increase the spatial sampling period to 125J..lm, enabling the peaks to be 
aligned along the x-axis allowing an accurate comparison to be made. The resulting 
plots are shown in Figure 5.11. Again, the interference fringes are evident in the tone 
burst plots, as lobes either side of the main peak, wh ile the broadband plot is relatively 
flat in these regions. Apart from these side-lobes, the 500kHz and broadband plots are 
similar, with main peaks of approximately the same width. This can be explained by 
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Figure 5.9: Measured sound amplitude from the cylindricalJocusing transducer, in the 
x-z plane (y=O), when driven bya transient broadband pulse. Plotted as (a) wire frame 
mesh plot, (b) interpolated greyscale image. 
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Figure 5.10: Greyscale images of the measured sound amplitudefield plots, in the x-z 
plane {Y=O),.from the cylindricalfocusing transducer when driven by: (a) IMHz, (b) 
900kHz, (c) 800kHz (d) 700kHz tone burst signals. 
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Figure 5.10: (Continued) Greyscale images of the measured sound amplitude field 
plots, in the x-z plane (y=O), from the cylindrical focusing transducer when driven by:, 
(e) 600kHz, (f) 500kHz tone burst signals. 
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Figure 5.11: Cross-sections ofthefocal region (z=28mm) of the measured amplitude 
field plots (drive signals as indicated) 
referring back to the previous section, where the peak frequency of the transducer (in 
broadband mode) was found to be approximately 400-500kHz (Figure 5.5). The full 
width at half magnitude (FWHM) of the main peak is -0.7mrn for the 1MHz case, and 
-l.3mm for the broadband and 500kHz plot. Both these widths relating to 
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approximately two wavelengths at their respective drive frequencies (wavelength in air, 
where velocity = -340ms·1, at SOOkHz=-O.68mm, IMHz=-O.34mm). 
The orientation of the transducer was now changed, so that the field was scanned 
in the y-z plane, with x=O. A scan was then performed, with the transducer driven by the 
broadband transient excitation signal. This time, a spatial resolution of 2S0llm by 
SOOllm was used in the z and y directions respectively, with the scan initiated at a 
position of z=1Smm. The results are shown in Figure S.12(a) as a wire frame mesh plot, 
and Figure S.12(b) as a linearly interpolated greyscale image. These again show that a 
focused field has resulted, with a line length (in they direction) of approximately 4Smm. 
It should also be noted that the amplitude of this focal region is reasonably uniform along 
its length, apart from the region highlighted in Figure S.12(b). The reason for this area of 
increased amplitude was thought to be due to an irregularity in the membrane or 
backplate, such as membrane tension or particles of dust or dirt under the membrane. 
This was confirmed with an examination of the device that revealed a small air pocket 
between the membrane and backplate in this area (y=-18mm). 
Finally, for completeness, the field from the transducer was scanned in its x-y 
plane, at z= 28mm to create a cross section through the focal line. This was again done 
using a broadband transient excitation signal, with a spatial resolution of 500llm by 
250l-lm in the y and x directions respectively. The results, plotted as received signal 
amplitude (pk-pk) against position, are shown in Figure S.13(a) as a wire frame mesh 
plot, and Figure 5.13(b) as a linearly interpolated greyscale image. It can be seen that a 
relatively uniform line of focus has been produced, approximately 45mm in length. 
However, it was noted that slightly higher amplitude is evident in the region 18-20mm 
along the y-axis. This, again, (after an examination of the transducer) was found to be 
due to a small air pocket trapped under the membrane. 
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(a) 
Z Position (mm) 
(b) 
Figure 5.12: Measured sound amplitude field from the cylindrical focusing transducer, 
in the y-z plane, when driven by a broadband transient. Displayed as (a) wire frame 
mesh plot, (b) greyscale image. 
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Figure 5.13: Sound amplitude field plot cross section through the line offocus in the x-:y 
plane (at z=28mm) when driven bya broadband transient signal, plotted as (a) wire 
frame mesh plot, (b) greyscale image. 
5.3.5 Theoretical sound pressure fields 
By using a modified version of the theory for the calculation of the sound 
pressure field emanating from a plane piston rectangular source, (outlined in Chapter 1), 
it was possible to calculate the theoretical sound field for the focusing transducer. The 
method used was similar to that proposed by Reibold and Kazys [17,18]. This 
essentially subdivides the concave active front face of the transducer into N pairs of 
elementary strips, each of width Llx, along the x-axis, as illustrated in Figure 5.14(a). 
The resultant sound field from each a pair of strips, can then be calculated as the 
difference of the pressure fields from two overlapping rectangular sources, one smaller in 
width by 2Llx, as demonstrated in Figure 5.14(b). Thus, the sum of the sound pressure 
fields from a number of these 'strip pairs', each with an appropriate added offset along 
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the z-axis (effectively a phase shift), approximates the field from a cylindrically concave 
transducer. For this to be valid, the width of the strip, Llx, must be less than a wavelength 
of the drive waveform. This was verified by Reibold and Kazys [17] who demonstrated 
that any reduction of Llx, below that of a wavelength of the drive velocity, had negligible 
change on the resultant pressure field. 
~-------- -~ -- -----
) 
> 
(a) (b) 
Figure 5.14: (a) Approximation of the cylindrical focusing transducer for calculation of 
the theoretical sound pressure field, (b) Calculation of the sound pressure field for a pair 
of strip sources. 
Using the method described above, a Matlab™ program (listed in Appendix B) 
was developed to calculate the pressure field from the focusing transducer. For the 
simulations, it was decided to 'split' the transducer into 30 pairs of strips, hence each 
being 325J..I.m in width. This was less than the wavelength of a 1MHz signal in air 
(-342J,.lm), the highest frequency examined here. 
The surface velocity waveforms, v(t), used in the following theoretical 
calculations, were derived from the same equation used for field predictions in Chapter 4 
(see equation (4.1». It should be noted that these surface velocity waveforms were of 
arbitrary amplitude; hence, so were the resultant calculated pressure field plots. 
Firstly, the theoretical sound pressure field was calculated for the broadband 
excitation case (500kHz centre frequency). The results were plotted as peak-to-peak 
pressure amplitude against position and are shown in Figure 5.15(a), as a wire frame 
mesh plot, and Figure 5.15(b), as a linearly interpolated greyscale image. These were 
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then compared to the previously measured sound amplitude field, when driven with a 
broadband transient excitation (Figure 5.9). Good agreement of form is evident, with the 
point of maximum pressure atz=28mm. It was also noted that no significant interference 
fringes were visible, as expected for a broadband signal. 
(a) 
Z Position (mm) 
(b) 
Figure 5.15: Theoretical sound pressurefieldjrom the cylindricaljocusing transducer, 
in the x-z plane (y=O), when driven by a broadband signal. Plotted as (a) wire frame 
mesh plot, (b) interpolated greyscale image. 
The sound pressure fields were then calculated for the simulated tone burst 
excitation cases, and plotted as linearly interpolated greyscale images. These are shown 
in Figure 5.16(a-f). A comparison to the previously measured sound amplitude field 
plots in Figure 5.10(a-f) was then made. Again, there was good agreement between 
them, with similar interference fringes clearly visible in both sets of plots, and the size of 
the focal regions were comparable. However, it was also noted that the measured 
amplitude plots suffered from noise, particularly with the higher frequency drive signals, 
135 
Chapter 5: Air-coupled line-focused transducers 
due to the lower response of the focusing transducer at these upper frequencies, and 
hence a lower amplitude of the transmitted signal. 
As was done previously on the measured sound fields, the cross sections through 
the focal point (z=28mm) were plotted for the 500kHz tone burst, 1 MHz tone burst, and 
broadband transient pressure fields. These are displayed in Figure 5.17. One of the main 
features to note is the similar size main lobe in the 500kHz tone burst and broadband 
transient simulated excitation plots, and the lack of side-lobes in the latter case. The 
FWHM values for the three plots are -1.22mm for the 500kHz and broadband excitation, 
and -O.68mm for the IMHz excitation. These are very comparable to the previous 
measured values of 1.3mm and O.7mm respectively. 
Z Position (mm) 
·1 
Z PosHlon (mm) 
Figure 5.16: Theoretical interpolated greyscale sound pressure field plots, in the x-z 
plane (y=0), when driven with a: (a) IMHz, (b) 900kHz, simulated tone burst signal. 
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Z Position (mm) 
Z Position (mm) 
Figure 5.16: (Continued) Theoretical interpolated greyscale sound pressure field plots, 
in the x-z plane (y=0), when driven with: (c) 800kHz, (d) 700kHz, (e) 600kHz, (f) 
500kHz simulated tone burst signal. 
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Figure 5.17: Cross-sections o/the/ocal region (z=28mm) o/the theoretical sound 
pressure field plots (drive velocities as indicated). 
To compare these plots more closely, a series of three plots were created, with the 
theoretical and previously measured cross sectional data (from Figure 5.11) plotted on 
each. These are shown in Figure 5.18, where (a) is the 500kHz, (b) the IMHz tone burst, 
and (c) the broadband drive/simulation excitation. It can be seen that they are all in 
relatively good agreement, although there are a few discrepancies. Starting with the 
500kHz case, (a), it was noted that the minima either side of the main lobe were lower on 
the simulated plot. This was thought to be due to spatial averaging across the aperture of 
the detector used to obtain the measured plots. Discrepancies in the IMHz plot were 
also evident, as differences either side of the main lobe, with the measured amplitude 
higher than the theoretical. However, in this case it was though to be mainly due to 
background noise. as well as the averaging effect of the detector (especially at this higher 
frequency). Lastly. the broadband signal plots are in quite good agreement, with the 
exception of a widening of the main lobe near its base for the measured plot. Again, this 
was thought to be due to spatial averaging over the area of the detector. 
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Figure 5.18: Comparison of measured and theoretical cross sections of the focal region 
(z=28mm) of the sound pressure/amplitude field emanating from the cylindrical 
transducer, when driven by,' (a) 500kHz tone burst, (b) lMHz tone burst, and (c) 
broadband transient. 
5.3.6 Determination of transducer resolution 
This section examines the focal resolution of the transducer, when used in pulse-
echo mode, as it would be typically used in a measurement system. It is split into two 
sub-sections, with the first determining the lateral resolution of the transducer, and the 
second the vertical resolution. 
Lateral Resolution 
An experiment was devised to determine the lateral resolution (i.e. the width of 
the focal line) of the transducer when used in pulse echo mode. The method involved 
scanning the device across an 'infinite' step edge; to obtain its edge spread function 
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(ESF). The spatial derivative of this results in its line spread function (LSF), where the 
lateral resolution of the transducer can be measured [19]. The orientation of the 
transducer for the step edge scan is shown schematically in the diagram of Figure 5.19. 
Transducer 
----------:-- ---
.... ; ... : 
'.;: 
Scan 
~ 
Direction 
*WWiIM 
Figure 5.19: Schematic diagram o/the 'infinite step' edge scan method. 
The schematic diagram in Figure 5.20 illustrates the experimental arrangement 
used. This, again, utilised the computer controlled scanning system, to which the 
focusing transducer was attached, orientated so that it would scan in the x-z plane. The 
drive/receive equipment consisted of a Panametrics pulser/receiver unit (PR5055) used 
in pulse/echo mode. A 200V bias was applied throughout the experiment, via a de-
coupling circuit. Note that this was the same drive/receive set-up as used previously to 
determine the frequency response of the transducer. The 'infinite' edge target consisted 
of a straight thin steel strip, positioned so that its edge was parallel to the line of focus of 
the transducer, with its upper surface at z=28mm (i.e. in the line of focus). 
A high-resolution linear scan along the x-axis (i.e. across the edge) was then 
performed, using a spatial frequency period of 50llm. Figure 5.21 (a) shows the results of 
this scan, plotted as received pk-pk signal amplitude (normalised) against x-position. 
Figure 5.21(b) shows its corresponding calculated first order spatial derivative, together 
with a fitted Gaussian function. The resulting plot is visibly noisy due to the 
differentiation operation. However, it is still possible to obtain the lateral resolution of 
the transducer from the FWHM of the peak. This was measured as approximately 
0.67mm, or a wavelength at 500kHz (-0.68mm). Referring back to the previous section, 
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Figure 5.20: Schematic diagram of the experimental set-up. 
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Figure 5.21: 'Infinite 'step scan across edge at z=28mm (a) received amplitude, (b) first 
order spatial derivative, with fitted Gaussian function. 
the width of the focal line was found to be - 1.3mm, or double that than measured here. 
This discrepancy can be explained by the fact that in this first measurement, the 
transducer was only used as a source. However, it is now being used as a receiver too, 
whose sensitivity field (assuming a truly reversible transducer) is identical to that of 
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when it is used as a source. Thus, the resultant 'imaging field' is the square of the 
transmitted sound pressure field. To examine this further a comparison between the 
square of the cross section of the measured and theoretical pressure/amplitude field (from 
Figure 5.18(c)), and the first order derivative of the step scan was performed. This is 
shown in Figure 5.22(a-c), where (a) is the first order spatial derivative of the step scan, 
(b) its fitted Gaussian function, (c) the square of the measured field, and (c) the square of 
the theoretical field. It is clear that the plots are in reasonable agreement, with FWHM 
values of -0.74mm and -0.67mm for the squared measured / theoretical and spatial 
derivative plots respectively. This conformity also demonstrates that the transducer 
behaves in a truly reversible way, with a similar 'sensitivity field' as its transmitted 
pressure field. 
- (a) 
-(b) 
-(e) 
--4- (d) 
-5 -4 -3 -2 -1 o 2 3 4 5 
X Position (mm) 
Figure 5.22: Comparison of' (a) first order derivative of the measured step function, (b) 
its fitted Gaussianfunction, (c) square of the cross section measured soundfield, and (d) 
square of the cross section of the theoretical sound field (both from Figure 5. 18(c)) 
This experiment described above was then repeated, this time also scanning in the 
z direction, to study the effect of defocusing the transducer/target. The scan was 
performed over the region of z=21mm to 36mm, with a spatial frequency period of 
O.Smm. The results are shown in Figure 5.23(a), plotted as received peak-to-peak signal 
amplitude, against position. As expected, the signal with the largest amplitude was that 
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(a) 
X Position (mm) 
(c) 
Figure 5.23: (a) Received amplitude edge spread/unction plots a/the 'infinite edge' 
scan, and first order spatial derivatives 0/ step scan plotted as (b) Waterfall plot (only 
alternate rows plotted for clarity) (c) greyscale image. 
at the focal point. It can be seen that as the edge is moved into then out of focus, the 
gradient of the ESF reduces, from a maximum at the focal point (z=28mm). The small 
peaks, or 'overshoot' on the edge profiles, visible in the out of focus plots, were though 
to be due to diffraction effects. The calculated first order spatial derivatives (LSF's), 
along the x-axis, are shown in Figure 5.23(b) as a set of line plots (only with every other 
line plotted for clarity) and in Figure 5.23(c) as a linearly interpolated greyscale image. 
These have both been smoothed (using a moving average function) to reduce the noise 
associated with this differential operation. The effect on the LSF's of defocusing the 
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device can be clearly seen as a spreading of the main peak. From approximately 
z=25mm to 30mm the peak is still reasonably well defined. Hence, it was concluded that 
this device has a depth of field of approximately 5mm. 
Vertical resolution 
In order to determine the vertical resolution of the transducer pulse echo system, 
a second experiment was devised. This involved scanning the transducer across steps of 
known height. This is illustrated in Figure 5.24. The experimental set-up was the same 
as that used in the previous experiment, with only the x-axis utilised to scan the 
transducer across the step. 
Transducer Scan ~ 
Direction 
Figure 5.24: Determination of vertical resolution, scan across a step of known height. 
The steps were created using slip gauges that could be wrung together to create a 
step profile of known height. These were placed onto an optically flat glass block. 
Firstly, two slip gauges, one of Imm thickness, the other of 6mm thickness were placed 
side by side, abutting each other, to create a step of 5mm in height. This 'step' was then 
aligned so that it was parallel to the focal line of the transducer. The transducer was then 
moved vertically to focus onto the upper surface of the 1mm thick gauge (achieved by 
maximising the amplitude of the reflected signal). A linear scan was then performed 
across the step with a spatial frequency period of O.05mm. This was then repeated for 
step heights of 2mm, Imm, O.5mm, O.2mm, O.1mm, 50~m, 20~m, lO~m, 5~m, and 
2~m. 
The data from these scans were then analysed, using the Lab VIEW™ PixieLab 
program, to obtain the time of arrival of the maximum peak in the waveform for each x 
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position. These times were then adjusted so that t=O related to the signal from the 1mm 
slip gauge (i.e. the lower part of the step). The results are shown in Figure 5.25(a-k). It 
is evident that there is a definite change in the time of arrival of the pulse in all cases 
except for the 2Jlm step. In this instance, a discontinuity can be observed at the point of 
the step, probably caused by the slight rounded edges of the gauges. However, there is 
no noticeable change in the time of arrival on either side of the step. 
In Chapter 1, the velocity of sound in air at STP (20°C, 101.325 kPa) was shown 
to be approximately 343.4ms·1• The predicted time of flight, (s, for a step of height, h, 
(not forgetting the pulse-echo mode of operation) can be simply calculated from the 
following: 
where, c is the velocity of sound. 
2h ( =-s 
C 
(5.1) 
This was plotted (on a log-log scale for clarity), together with the measured 
change in the time of flights for each step (obtained from Figure 5.25, and also displayed 
in Table 5.1) and is shown in Figure 5.26. It can be seen that there is good agreement 
between the predicted and measured time of flights. The only discrepancy occurred with 
the 50Jlm (0.05mm) step, whose time of flight was shorter than expected. This may have 
been due to dust or dirt trapped under the lower (lmm) slip gauge, causing the overall 
step height to be less than 50Jlm. Hence, it was concluded that the vertical resolution of 
the system was in the region of 5Jlm. Note, however, that the transient pulse-echo 
method used here is not the best way in which to measure the time of arrival. A much 
more accurate way would be to utilise a tone burst signal and incorporate an accurate 
phase detection system into the receiver. Such a system if say, accurate to 0.10 could 
give a theoretical vertical resolution of approximately O.lJ,.tm, using a 500kHz drive 
signal. 
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Figure 5.25: Determination of the vertical resolution of the cylindricalline10cusing 
transducer,· Time of arrival of the maximum peak in the received signal for a linear scan 
across steps of height shown. 
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Figure 5.25: (Continued) Determination of the vertical resolution of the cylindrical 
line-focusing transducer; Time of arrival of the maximum peak in the received signal for 
a linear scan across steps of height shown. 
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Step Height (mm) Change in Time of flight (/-I.s) 
5.00 29.00+1 
2.00 11.80+0.5 
1.00 5.80+0.3 
0.50 3.00±0.2 
0.20 1.30±0.05 
0.10 0.60±0.05 
0.05 0.21±0.04 
0.02 0.12±0.04 
0.01 0.06±0.02 
0.005 0.03±0.02 
Table 5.1: Change in time offlightforstep heights as shown (from Figure 5.25) 
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Figure 5.26: Determination of vertical resolution,' measured change in time offlight as 
the cylindrically focused transducer is scanned across steps of known height, plotted 
with predicted time of flight (solid line). 
5.4 A conical focusing transducer 
5.4.1 Background 
This section describes the design, construction, and characterisation of a 
conically shaped focusing transducer. This, like the cylindrically shaped transducer, 
described above, creates a line of focus, this time however, along the axis. Similar 
devices have been investigated for medical applications requiring large depths of focus. 
Such a device was described by Burckhardt et al [20]. This utilised a piezoelectric 
element, whose sound was focused by a Perspex lens onto a conical mirror. An 
alternative, described by Foster et al [21], utilised a conically shaped piezoelectric 
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transmitting element, and a planar receiver aimed along the axis of the cone to detect 
scattered ultrasound as a function of time. Both these devices were designed for 
immersion applications, and no references to similar air-coupled devices could be found; 
hence, it was decided interesting to study such a device. 
The format of this section is essentially the same as the previous, consisting of a 
description of the construction of the device, preliminary testing, sound pressure field 
measurements, comparison to theoretical field predictions, and resolution measurements 
of the device. As the majority of the experiments performed on this transducer were 
identical to the previous section, the experimental methods will not be described again. 
5.4.2 Transducer design and fabrication 
The basic construction of this device was similar to that of the cylindrical 
transducer described above; consisting of a polished brass backplate, retained inside a 
machined aluminium casing with an insulating nylon insert. A cut-away schematic 
diagram of is shown in Figure 5.27. The internal active area of the backplate is in the 
shape of a truncated (45°) cone, with inner and outer radii of 13mm and 30mm 
respectively. This was designed to produce a line of focus 34mm in length, starting at a 
position of z=26mm from the extrapolated internal apex of the cone. These distances 
were again chosen to reduce the effect of atmospheric absorption. Engineering drawings 
of the device are shown in Appendix C. 
After manufacture of the transducer, the backplate was carefully polished by 
hand. It was then fully disassembled, cleaned, and then reassembled. Finally, after 
rinsing with acetone and a thorough cleaning with an air jet, a 3.5J.lm thick Mylar 
metallised membrane was attached over the backplate. This was done in the presence of 
an applied bias voltage to reduce the amount of trapped air. Conducting silver paint was 
used to electrically connect the metallised front face of the film to the aluminium casing. 
A photograph of the fully assembled device is shown in Figure 5.28. 
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Figure 5.27: Cut-away schematic diagram of the conical transducer (membrane not 
shownfor clarity). 
Figure 5.28: Photograph of the assembled conical transducer. 
5.4.3 Transducer characterisation -Initial experiments 
The initial experiments perfonned previously on the cylindrically focusing 
transducer were now repeated for the conical transducer. Recalling back from the 
previous section, the fITst initial experiment studied the frequency response of the device 
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by examining the reflected (pulse-echo) signal from a polished glass block. The 
experimental set-up was identical to that used previously (see Figure 5.3). 
A typical pulse-echo waveform is displayed in Figure 5.29(a). This shows a 
relatively high-amplitude (50mV pk-pk), wide-bandwidth, well-damped signal. Its 
corresponding frequency spectrum is shown in Figure 5.29(b). The time of flight of the 
received pulse-echo signal corresponds to a propagation distance of approximately 
65mm. The attenuation through 65mm of air was then calculated (from equation (1.13». 
A plot of this is shown in Figure 5.30. The frequency spectrum from the pulse-echo 
waveform was then corrected for this attenuation; this is also shown in Figure 5.30 by 
the solid line, along with the original spectrum (dashed line). Note that this was only 
calculated up to 2MHz due to numerical inaccuracies of the large correction factor 
required above this frequency. It is evident that the corrected signal exhibits a -6dB 
bandwidth of approximately 1.2MHz, from -300kHz to -1.5Hz, with a peak frequency 
at -800kHz. This, as expected, is comparable to the bandwidth of the cylindrical 
transducer (see Figure 5.4(b», due to the similar backplate/membrane utilised in both 
devices. 
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Figure 5.29: (a) Typical received pulse-echo waveform. for the conical transducer, from 
a flat glass block (a), and corresponding frequency spectrum (b). 
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Frequency (MHz) 
Figure 5.30: Normalised attenuation of a wideband signal through 65mm of air at STP 
(dotted line). Original frequency spectra of received pulse-echo signal {dashed line}, 
and corresponding frequency spectra corrected for attenuation in air (solid line). 
The second part of the initial testing involved measuring how the received 
amplitude changed as the transducer-reflector distance was varied. The device was first 
positioned with its front edge against the reflector block; in this position the transducer-
reflector separation was 36mm from the extrapolated internal apex of the cone. The 
received amplitude (pk-pk) was then measured, and the transducer moved back by 
O.5mm. This was repeated up to a separation distance of 75mm. The results of this are 
shown in Figure 5.31, along with the positions of the designed centre and end of the 
focal line. For completeness, as in the cylindrical transducer case, the signal amplitude 
50 
__ II received 
40 
-<>- corrected lor 
attenuation in air 
~ 30 
! 20 
t 10 
0 
30 40 50 60 70 80 
Transducer-reflector distance (mm) 
Figure 5.31: Measured received signal amplitude (Pk-pk) with increasing transducer-
reflector separation. (Predicted central position of focal line shown as dashed line, 
predicted end position shown as solid line). 
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corrected for air absorption has also been plotted, with the attenuation calculated from 
Equation (1.13), assuming a frequency of 500kHz, as 39.74dBm-1 (at STP). Little 
change in the overall shape of the plot can be observed. 
The results show a broad peak in the region of the predicted position of the focal 
line. The centre of this peak is approximately at the centre of the predicted line of focus 
(z=43mm), with the amplitude reducing to background noise level at the end of the focal 
line (z=60mm). Note that the start of the focal line has not been plotted as this is 
actually within the front aperture of the device. If a comparison is made between this 
and the results from the cylindrical transducer (Figure 5.6), it is clear that a broader peak 
has resulted. Note that this peak is not rectangular in shape, as could perhaps be 
expected. This is due to the symmetry of the device, causing off-axis reflections with 
equal path lengths, as illustrated in Figure 5.32. 
Reflector 
Figure 5.32: Diagram illustrating the off-axis signal paths. 
5.4.4 Measured sound pressure fields 
The sound pressure field was studied, by scanning with a 500llm square 
micromachined detector as described above. The coordinate system adopted for these 
and all subsequent scans is shown in Figure 5.33. The field was scanned in the x-z plane 
over an area measuring 50mm x 20mm with a spatial resolution of 250llm, and was 
initiated at a position of z=20mm (±lmm). Note that this was within the aperture of the 
transducer. Three scans were performed, the first using the transducer driven by a 
153 
Chapter 5: Air-coupled line-focused transducers 
broadband transient signal, from the Panametrics pulser unit, and the two subsequent 
scans using a tone burst drive of 500kHz and IMHz, (200v pk-pk) from the Matec gated 
power amplifier. An applied bias of 200V was used throughout. 
(0,0) •............... -.. "7"--__ 
• 
Figure 5.33: Coordinate system used/or the conical transducer. 
The stored waveforms were then processed to calculate the peak-to-peak 
amplitudes at each position. The results of this are displayed in Figure 5.34(a-c), plotted 
as 3D wire frame mesh plots and greyscale images (where white represents high 
amplitude, and black low amplitude). The plots show that a line of focus z~25mm to 
z~58mm has resulted in all cases. There is evidence in the 500kHz plot of side lobes on 
each side of the focal line, as could be expected for a narrowband drive signa\. However, 
there is no evidence of them in the narrowband 1MHz tone burst plot. This may have 
been due to spatial averaging over the detector, or the spatial sampling period used in the 
scan. To examine the focal region further, cross sections through it, at an axial position 
of z=35mm were taken. Figure 5.35(a-c) shows these for the 500kHz, and 1MHz tone 
bursts, and the broadband transient drive cases respectively. The FWHM values are 
approximately O.75mm, O.4mm, and O.6mm respectively for the 500kHz, 1MHz and 
broadband drive cases. 
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Axial position, z (mm) 
(a) 
30 40 
Axial position, z (mm) 
(b) 
50 60 70 
Figure 5.34: Measured amplitude fields from the conical transducer when dn·ven by (a) 
500kHz tone burst (b) lMHz tone burst, and (c) broadband transient signals. 
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Axial position, z (mm) 
(c) 
Figure 5.34: ( ontinued) Measured amplitude fields from the conical transducer when 
driven by (a) 500kHz tone burst (b) lMHz tone burst, and (c) broadband transient 
signals. 
The radiated field was also scanned in the radial plane, creating a cross section of 
the line of focus. This was performed at an axial position of z=35mm, with the 
transducer driven by a broadband transient signal. The result of this is shown in Figure 
5.36, plotted as a grey cale image. Note that for clarity it has been plotted with black 
representing high amplitude, and white low amplitude (the opposite to that done 
previously). It can again be seen that a highly focused region has been produced. 
5.4.5 Theoretical ound pre ure fields 
Theoretical field prediction plots were calculated so they could be compared with 
the previously measured sound amplitude fields. The calculation method used was 
essentially the same as for the cylindrically focusing transducer, where the device was 
imagined as a number of separate radiators. These radiators, are a number, N, of separate 
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Figure 5.35: ero - ections 01 the local region (at z=35mm), of the measured amplitude 
field plol lor (a) 500kHz tone bur. l, (b) IMHz tone burst and (c) broadband transient 
drive signals. 
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Figure 5.36: Measured sound amplitude plots through the/ocalline (at z=35mm) when 
driven with a broadband transient. (Note black represents higher amplitude, white 
lower amplitude) 
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annuli , each of active area of width, Ltr, and appropriately offset along the z-axis , to 
approximate the shape of the cone. This is illustrated in Figure 5.37(a). Figure 5.37(b) 
shows how the field from one of these annuli (of width Ltr) can be obtained by the 
subtraction of the calculated fields from two plane piston sources, one of radius r, the 
other of r+Ltr. The method used to calculate the field from a plane piston circular source 
was discussed in Chapter 1. 
> 
(a) 
> 
(b) 
Figure 5.37: (aJ Approximation used in the field prediction from the conical transducer. 
(b) Subtraction oj the fields Jrom two overlapping circular transducers results in the 
predicted field from an annuli. 
A Matlab ™ program was developed to calculate the theoretical field from the 
conical transducer. See Appendix B for the program listing. The parameters for the 
simulation were a follows; number of annuli, N=100, hence, annuli width, L1r=O.17mm. 
The same simulated drive velocity waveforms were used as for the field calculation for 
the cylindrically focusing transducer, and the calculated fields for drive velocity 
waveforms of 500kHz, IMHz tone burst and broadband transient, are shown in Figure 
5.38(a-c) respectively. 
Comparison of these predicted sound field plots with those obtained 
experimentally shows agreement of form, with side lobes visible in the 500kHz case, and 
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Axial position, z (mm) 
(a) 
Axial position, z (mm) 
(b) 
Figure 5.3 : Theor, tical sound pressure field plots, when dn'ven with: (a) 500kHz, (b) 
lMHz. tone burst, and (c) broadband, simulated tone burst signal. 
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Axial position, z (mm) 
(c) 
Figure 5.3 : (Continued) Theoretical sound pressure field plots, when driven with: (a) 
500kHz, (b) lMHz, tone burst, and (c) broadband, simulated tone burst signal. 
si milar length of focal line. As for the measured fields, cross sections at an axial 
position of z=35mm were also taken. These cross-sections for all three simulated drive 
signals are h wn in Figure 5.39. The FWHM values are approximately O.5mm, O.3mm 
and O.35mm re p ctively for the 500kHz, IMHz and broadband (800MHz centre) 
signal. These are lower than those found experimentally above from the measured 
sound field , and c uld be due to averaging over the 500j.tm detector used in the 
measurements, effectively smoothing the observed peak of the focal region. 
5.4.6 Determination of tran ducer resolution 
Lateral resolution 
The lateral resolution of the transducer, in pulse echo mode, was examined. For the 
cylindrical tran ducer, described above, this was achieved using an 'infinite' edge 
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Figure 5.39: Cross-sections throug h the foca/line (z=J5mm) of the theoretical sound 
pressure field p lots (dn·ve velocities as indicated). 
technique, to obtain an edge pread function. However, for the conical transducer, this 
method is un uitable due to it geometry; and the problem of off-axis reflected signals 
(as discu sed a ove). Hence. an alternative method was used. Instead of an 'infinite' 
edge, a thin (l SO)lm) copper wire, tretched between two bench clamps, was used as a 
target. Thi i illu trated in Figure SAO. A linear scan across this was then performed, 
using a pati al fre uency peri d of SO)lm. The equipment used was the same as that used 
to determine the re lution of the cylindrical transducer above (Figure 5.20), with the 
transducer u cd in pul e-echo and a 200V applied bias. 
Wire target 
Conical 
transducer 
Figure 5.40: Determination of lateral resolution of the conical transducer; scan across a 
wire target. 
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The results of the scan are shown in Figure 5.41, plotted as received signal peak-
to-peak amplitude, against position. As the diameter of the wire used was relatively 
small, this could be assumed to be effectively the line spread function of the transducer. 
Hence, the approximate resolution is given by the FWHM of the central peak, which is 
-O.3mm. This agrees with the measured width of the focal region from the field 
amplitude plots above (-O.6mm), recalling that this time it was used in pulse-echo mode 
effectively doubling its resolution. 
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Figure 5.41: Determination of lateral resolution of the conical transducer,' measured 
signal amplitude of the scan across a wire target. 
Vertical resolution 
The vertical resolution of the transducer was determined using the same 
technique used for the cylindrical transducer. The device was scanned across a series of 
steps, formed using slip gauges, of 5mm, 2mm, tmm, O.5mm, O.2mm, O.tmm, and 50)..tm 
in height, using a spatial frequency period of 100)..tm. The same equipment set-up was 
used as for determining the horizontal resolution. 
The measured time of arrival of the reflected signal, adjusted so that (=0 relates to 
the signal from the lower part of the step, are shown in Figure 5.42(a-g). It is evident 
t62 
Chapter 5: Air-coupled line-focused transducers 
5 2 
5mm 2mm 
0 0 
-5 
-2 
Ii) Ii) 
.:; 
.:; 
CII -10 Q) -4 E E i= i= 
-15 
-6 
-20 
-8 
-25 
-10 
0 2 .. 6 8 10 12 14 0 2 4 6 8 10 12 14 
X-position (mm) X-position (mm) 
(a) (b) 
1mm 500/lm 
0 
0 
-1 
Ii) Ii) 
.:; .:; 
~ -2 ~ -1 
i= i= 
-3 
-2 
-4 
-5 -3 
0 2 4 8 8 10 12 
'" 
0 2 4 6 8 10 12 14 
X-position (mm) X-position (mm) 
(e) (d) 
0.5 0.2 
200/lm 0.1 100/lm 
0.0 0.0 
Ii) Ii) -0.1 
.:; .:; 
Q) -0.5 Q) -0.2 
E E 
i= i= 
-0.3 
-1.0 -0.4 
-0.5 
-1.5 -0.6 
0 2 .. 8 8 10 12 14 0 2 4 6 8 10 12 u 
X-position (mm) X-position (mm) 
(e) (I) 
50/lm 
Ii) 
.a. 
CII 
E 
-0.05 i= 
-0.10 
-0.15 
-0_20 
a 2 4 6 8 10 12 14 
X-position (mm) 
(g) 
Figure 5.42: Determination of the vertical resolution of the conical transducer; Time of 
arrival of the maximum peak in the received signal for a linear scan across steps of 
height shown. 
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that for the steps down to (and induding) 100Jlm, a definite change in the time of arrival 
either side of the step has occurred. The predicted time of arrival, t, can be calculated 
from the following: 
2·h ·sinO 
t=---- (5.2) 
c 
where, e is the angle of the cone, c the velocity of sound, and h is the height of the step. 
Hence, for this device, this becomes: 
hJi 
t=--
343.4 
(5.3) 
The change in the time of arrival for each of the steps, plotted against step height, 
are shown in Figure 5.43, along with the predicted time of arrival, calculated from 
Equation (5.3). Good agreement between the predicted and measured values can be 
seen. Hence, it was concluded that this transducer/ pulse echo system had a vertical 
resolution of approximately 100Jlm. 
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Figure 5.43: Determination of vertical resolution; measured change in time offlight as 
the conical transducer is scanned across steps of known height, plotted with predicted 
time offlight (dashed line). 
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5.5 Surface imaging 
This section describes an experiment performed to image the surface features of a 
com. Both of the transducer designs were tried in such an application so their 
performances could be compared. 
The conical device was operated in pulse-echo mode. However, for the cylindrical 
transducer design, a pair of transducers were used in a pitch-catch orientation, where one 
device was used as a source, and the other as a detector to receive the reflected signal 
from the coins surface. They were positioned so that their lines of focus were at 90° to 
each other, and coincided on the surface of the coin. This method was used as it 
effectively allowed these line focusing devices to become 'point' focused; required for 
the surface imaging of a coin. This is illustrated in Figure 5.44. 
Cylindrical transducers 
Intersecting focal 
lines 
Figure 5.44: Orientation of the cylindrical line focusing transducers used in pitch-catch 
mode, to image the surface features of a coin. 
A 2-axis x-y linear stage (same as used previously) was used to scan the 
transducer(s) in a 2-D plane across the surface of the rear side of a two pence coin. 
During the scan, received waveforms were stored as a function of position. The coin was 
placed onto a flat glass block, positioned so that the line, or point, of focus of the 
transducer(s) was on its surface. A spatial frequency period of 250j.UIl was used, over an 
area measuring approximately 30mm by 30mm. The transducer was connected to a 
Panametrics (5055PR) pulser/receiver unit, via a capacitive de-coupling circuit to allow 
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the application of a 200V bias. A schematic diagram of the apparatus used (for pulse-
echo operation using the conical transducer) is shown in Figure 5.45. The apparatus 
used for the surface scan using the pair of cylindrical transducers was similar to that just 
described, except that the pulser section of the Panametrics pulser/receiver unit was used 
to drive the source transducer, and a Cooknell charge amplifier was connected to the 
receiver transducer (with a IOOV bias applied by the Cooknell amplifier). In this case 
the coin was also placed on top of a section of 'Vero' PCB matrix prototyping board. 
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Figure 5.45: Experimental apparatus used to scan the surface of a coin 
5.5.1 Results and discussion 
Firstly, the captured waveforms were processed, using the PixieLab program, to 
calculate their peak-to-peak amplitude, and plotted as greyscale images, where lighter 
shading represents a higher amplitude signal. These are shown in Figure 5.46(a & b) for 
the cylindrical and conical devices respectively. It is evident that the coin outlines, and 
the majority of its surface features, are easily recognisable. 
The image produced using the pair of cylindrical transducers (Figure 5.46(a» is 
reasonably clear, with the head and facial features on the coin recognisable. However, 
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none of the lettering on the coin is legible. The copper tracks, and holes of the 'Vero' 
board PCB the coin was fixed to is also visible, as well as the glue holding the coin in 
position (lower centre of the image). Figure 5.46(b) shows the image produced using the 
conical transducer. The coin outline and head is recognisable, however no finer detail 
can be seen. 
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Figure 5.46: Amplitude image plots of a two pence coin for (aJ a pair of cylindrical 
focusing transducers, and (b) the conical transducer 
These differences in the quality of images produced could be due to the following 
reasons. The conical transducer, with its large depth of field, is more suited for the 
imaging of objects with larger variations in surface height. Thus, the relatively small 
differences in height of the features on the coins surface, did not significantly change the 
amplitude of the received signal. This is illustrated by the similar shading (hence 
received signal amplitude) on the surface of the coin and that of the glass block on which 
it was positioned. The observed changes in amplitude are entirely due to the scattering 
of the signal from the non-flat regions of the surface of the coin. The cylindrical 
transducer however, is more suited to this application, having much less depth of field; 
and hence having improved images over the conical device. 
As well as the signal amplitude, the arrival time of the signal was also extracted 
from the stored waveforms, as a function of position. This was then used to calculate the 
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surface height at each position, enabling a 3D map of the coins surface to be produced. 
These images, for the two transducer designs are shown in Figure 5.47(a & b). They are 
plotted as 3D-wire frame mesh plots, with the signal amplitude data overlaid as shading. 
Again, a better quality image was produced with the cylindrical device. 
(a) 
(b) 
Figure 5.47: 3D images of the two pence coin. Plotted with height data (calculated 
from time of flight) and amplitude data overlaid (shading), for the (a) cylindrical 
transducers, and (b) conical transducer. 
5.6 Conclusions 
Two new types of focusing air coupled capacitive transducer have been 
developed. Their design and construction has been discussed and their characteristics 
examined. 
Firstly, their frequency characteristics were examined, with both devices 
demonstrating wide-bandwidth behaviour. They were both found to have similar 
bandwidths of approximately 1.2MHz, with centre frequencies of 500kHz and 800kHz 
respectively. 
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Their emitted sound pressure field was also measured, using a miniature detector 
scanning technique, for both narrowband tone burst and broadband drive signals. These 
results have been compared to theoretically computed pressure field plots, with good 
agreement of form. Generally, all the narrowband tone burst plots were found to exhibit 
side lobes that may have created artefacts when imaging. However, due to the wide 
bandwidth behaviour of the capacitive transducer design, when driven with a transient 
signal, side lobes were not found to be a problem, hence improving their imaging ability. 
Worthy of note here is that alternatives to the capacitive design, such as some 
piezoelectric devices, with lower bandwidths may exhibit side lobes due to their 
narrower bandwidth behaviour. 
Experiments were also performed to determine the lateral and vertical resolution 
of the transducers. The former were found to be approximately 0.68mm, and O.3mm, for 
the cylindrical, and conical, devices respectively, while the latter were found to be 
approximately 5/lm, and 100/lm. 
A two pence coin was successfully imaged, using amplitude and time of arrival 
data, by both types of focusing device, demonstrating their ability to image surfaces in 
reflected signal mode. It is envisaged that further work could be conducted to examine 
their use in through transmission imaging of plate materials, allowing inspection of 
internal structure. 
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6 An air-coupledfully focused transducer 
6.1 Summary 
This chapter continues with the theme from the prevIOus chapter, with the 
description of the design and characterisation of a fully focusing air-coupled transducer. 
This device differs to those described previously. as, here, focusing is achieved by 
reflection from an off-axis parabolic mirror. Initial measurements are performed to 
determine the devices frequency characteristics. Its radiated peak sound pressure field is 
also measured by scanning with a miniature detector. In addition, their lateral and 
vertical resolutions are determined. The work reported in this chapter has been the 
subject of a publication [1]. 
6.2 Introduction 
The previous chapter described the development and characterisation of two line 
focussing air-coupled transducers. This chapter continues this investigation of focusing 
transducers with the study of another variant of focusing device. The focusing 
transducers described previously utilised curved backplates to create lines of focus. As 
mentioned in the last chapter, the design of a fully focusing (as opposed to line focused) 
capacitive transducer by shaping the backplate is difficult, due to the problems associated 
with forming and attaching a membrane to a surface curved in more than two 
dimensions. However. here, to avoid this problem a different approach was taken, as 
focusing is achieved by reflection from an off-axis parabolic mirror. 
Very little published literature could be found on similar devices, except one 
described by Breeuwer [2]. This utilised a parabolic mirror for the focusing of air -
coupled ultrasound. It used relatively low frequency air transducers (-70kHz), and 
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hence possessed a limited degree of focusing. However, this proved adequate for the 
imaging and recognition of returnable glass bottles with the device being used 
successfully in a number of commercial sorting machines. 
The layout of this chapter is similar to the previous. The first section describes 
the design and fabrication of the device. This is followed with a description of the initial 
characterisation, using a pulse-echo method, to obtain the frequency response of the 
transducer. The sound pressure field is. then studied, by measuring with a miniature 
detector. The lateral and vertical resolution of the device is then measured. Finally, the 
device is used to image the surface of a coin. Note that the experiments described here 
are similar to those in the previous chapter, so for brevity they will not be described in 
detail again. 
6.3 Transducer design and fabrication 
The focusing device was designed and constructed by Dr. D. Schindel 
(MicroAcoustic Instruments Inc., Ottawa, Ontario. Canada) in collaboration with the 
author. It consisted of a planar capacitive air transducer with a micromachined backplate 
[3]; the construction of which has been discussed previously in Chapter 2. and is shown 
in Figure 2.2. This polymer-filmed transducer had a 30mm diameter aperture. and was 
attached to an off-axis parabolic mirror via a machined aluminium housing. A schematic 
diagram of the transducer is shown in Figure 6.1. The focal point of the off-axis mirror 
was positioned 25.4mm from its central axis. at an angle of 12.8° to its normal. A 
photograph of the fully assembled device is shown in Figure 6.2. 
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Figure 6.1: Cut-away schematic diagram of the focusing off-axis parabolic mirror 
transducer. 
Figure 6.2: Photograph of the parabolic mirror focusing transducer 
6.4 Transducer characterisation -Initial experiment 
An initial pulse-echo measurement was performed to determine the bandwidth of 
the transducer. Figure 6.3 shows a schematic diagram of the pulse-echo apparatus. This 
consisted of a Panametrics pulser receiver unit coupled to the transducer via a capacitive 
decoupling box, to allow the application of a 200V bias voltage. The receiver output of 
the pulser/receiver unit was fed to a Tektronix TDS430A digital oscilloscope to allow the 
storage of waveforms. The transducer was carefully aligned above the glass block at an 
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angle of approximately 12.8°, so the focal region was normal to the reflector surface, and 
the largest amplitude received signal was obtained. This is shown in Figure 6.4(a), as a 
relatively high amplitude, well-damped signal. Its frequency spectrum was also 
calculated, and is displayed in Figure 6.4(b). This shows the pulse-echo signal has a 
bandwidth of approximately 550kHz, ranging from 250kHz to 800kHz, with a centre 
(peak) frequency of 550kHz. However, due to the design of this transducer, there is a 
relatively long transit distance from the source to the focal point (95mm in pulse echo 
mode). Attenuation (due to absorption of air) of the signal over this distance is 
moderately high. This is illustrated in Figure 6.5, where the calculated attenuation (using 
equation (1.13) from Chapter 1) of a wideband signal through 95mm of air at STP is 
shown by a dotted line. The original and corrected frequency spectra are also shown by 
the dashed and solid lines respectively (all normalised). It can be observed that this 
operation has had little effect on the overall bandwidth of the device, however its centre 
frequency is shifted to approximately 700kHz. Note that at the focal point itself, there 
would be half this attenuation, so the peak frequency would be at approximately 625kHz. 
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Figure 6.3: Schematic diagram o/the pulse-echo apparatus. 
The transducer-reflector distance was then varied while measuring the received 
signal amplitude. The results of this are shown in Figure 6.6. For completeness, they 
were also corrected for atmospheric absorption. It is evident that the peak received 
signal occurs at an axial position of approximately z=5mm, agreeing with the focal point 
IJf the parabolic mirror. 
175 
Chapter 6: An air-coupled fully focused transducer 
40 
20 
F 
~ 0 
-8 
" 
"" 
~ 0.6 ! 
4> 
'0 
! ·20 
0( ~ 0.4 E 
0( 
·40 0.2 
·60 
260 270 260 290 300 1.5 2.0 2.5 3.0 
Time ( ... 1) Frequency (MHz) 
(a) (b) 
Figure 6.4: (a) Typical received pulse echo waveform from a flat glass block positioned 
at the focal point, (b) corresponding frequency spectrum. 
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Figure 6.5: Normalised attenuation of a wideband signal through 95mm of air at STP 
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Figure 6.6: Measured signal amplitude with increasing transducer reflector separation. 
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6.S Sound pressure field plots 
The sound pressure field was examined by scanning with the 500J-Lm square 
micromachined detector, firstly in the x-z plane. Figure 6.7 shows a diagram of the 
coordinate system adopted, where x=O is in the centre of the focal region, and z=O is 
level with the front aperture of the transducer. An area measuring approximately 20mm 
x 20mm was scanned, using a spatial resolution of 250J-Lm, and initiated within the front 
aperture of the transducer at a position of z=-4mm. The scan was performed three times, 
the fust with the transducer driven by a transient drive signal, supplied by a Panametrics 
pulser unit. The two subsequent scans were performed with tone burst excitation signals, 
of 500kHz and 1 MHz respectively. A 200V bias was applied throughout the experiment. 
= 0 
Figure 6.7: Schematic diagram of the sound pressure field area scanned. 
Figure 6.8 shows the measured sound amplitude field for the broadband transient 
case, plotted as (a) a wire frame mesh, and (b) an interpolated greyscale image with 
brighter areas representing higher amplitude. It is evident that a focused field has 
resulted, with the point of highest amplitude at a position of approximately z=Smm. 
Note that a small amount of misalignment is evident, as the plot appears slightly tilted. 
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X Position (mm) 
(a) (b) 
Figure 6.8: Measured sound amplitude from the parabolic mirror transducer, in the x-z 
plane, when driven bya transient broadband pulse. Plotted as (a) wire frame mesh plot, 
and (b) interpolated greyscale image. 
Figure 6.9{a & b) shows the sound amplitude plots for the tone burst excitations 
of 500kHz and 1MHz respectively, both plotted as interpolated greyscale images. Slight 
evidence of side lobes is present in both cases. Also note that as expected, the focal 
region of the 1MHz plot is approximately half that of the 500KHz case, and that the 
centre of this region is at z= 5mm for both plots. Comparison of the focal areas of the 
broadband transient plot with the narrow-band tone burst sound fields reveals that it is 
slightly smaller than the 500kHz case, but much larger than the 1MHz plot. This agrees 
with the measured broadband peak frequency response of approximately 625kHz (at the 
focal point). 
Further examination of the focal region in all three cases was performed by 
studying their cross sections, at z=5mm. These are shown in Figure 6.10, plotted with 
normalised amplitude, against x-position. The FWHM values for each of the focal 
regions (measured from the plots) are as follows; 500kHz=1.2mm, 1MHz=O.6mm, 
broadband = 1.1mm. Note that these values relate to approximately 21.. for each case. 
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Figure 6.9: Measured amplitude field plotsfor the parabolic mirror focusing transducer 
when dn·ven with (a) 500kHz tone burst, and (b) lMHz tone burst excitation signals. 
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Figure 6.10: Normalised cross-sections through the focal region (z=5mm) of the 
measured amplitude field plots (drive signals as indicated). 
6.6 Determination of transducer resolution 
6.6.1 Lateral resolution 
To determine the lateral resolution of the transducer, when used in pulse-echo 
operation, the scan across an 'infinite' step edge method, described in the previous 
chapter, was used. The experimental set up was identical to that used for the cylindrical 
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focusing device (see Figure 5.19 and 5.20). The edge was positioned at the focal point 
(z=5mm), and the transducer scanned across it, using a spatial resolution of 50/--lm. 
Figure 6.11(a) shows the received peak-to-peak amplitude step function (edge 
spread function) of the received waveform, as a function of lateral position. Figure 
6.11 (b) shows the first order spatial derivative of the step, together with a fitted Gaussian 
function. The FWHM of this is approximately 0.5mm. This value. agrees with that 
measured from the field scans performed above (l.lmm), remembering it was now being 
used in pulse echo mode, effectively doubling its resolution. 
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Figure 6.11: 'Infinite I step scan across edge at z=5mm (a) received amplitude, (b) first 
order spatial derivative, with fitted Gaussian junction 
The effect of defocusing the 'infinite' edge step was also investigated, by 
performing the above experiment again, while also scanning in the z direction. An area 
5mm either side of the focal point was examined. using a spatial frequency period of 
0.5mm in the z direction. Figure 6.12(a) shows the pk-pk amplitude edge-spread 
functions, plotted against z position. It is evident that the highest amplitude, and 
gradient, is obtained at the focal point. with both these reducing as the edge is moved out 
of focus. Their first order spatial derivatives (LSF's) were also calculated and are shown 
in Figure 6.12(b & c), as a set of line plots (with only alternate ones shown for clarity), 
and an interpolated greyscale image plot respectively. Note that these have been 
smoothed to remove the noise associated with the numerical derivative operation. It is 
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evident that the effect of defocusing can be seen as the spreading of the main peak. In 
the region of z=4mm to 7mm the peak is well defined, hence it was concluded that the 
device exhibited a depth of field of approximately 3mm. It is also worth noting the 
similarity of the greyscale image of the LSF's with the measured broadband field plot 
(Figure 6.8(b)). 
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Figure 6.12: (a) Received amplitude edge spreadfunction plots of the 'infinite edge' 
scan, and first order spatial derivatives of step scan plotted as (b) Waterfall plot (only 
alternate rows plottedfor clarity) (c) greyscale image, where white is higherlblack lower 
amplitude. 
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6.6.2 Vertical resolution 
The vertical resolution of the transducer was determined by scanning across a 
series of steps with known height, the same method used in the previous chapter for the 
conical and cylindrical transducers. Steps were formed with slip gauges of different 
thickness with heights of 5mm, 2mm, Imm, 0.5mm, 0.2mm, O.lmm, SOJlm, 20Jlm, 
lOJlm, SJlm, 2Jlm, and IJlm. The transducer was focused on the lower level of the step 
and scanned across it using a spatial frequency period of SOJlm. 
Figure 6.13(a-0 shows the measured time of flights for each of the steps, adjusted 
so that t=O relates to the signal from the lower slip gauge. For all the step heights down 
to (and including) 2Jlm a change in the time of arrival is evident. Below this, only a 
discontinuity can be seen, probably caused by the rounded edges of the slip gauges used 
to create the steps. 
The measured change in time of arrival for each of the steps was again plotted 
against step height, along with the predicted change in time of arrival (from Equation 
5.1). This is shown in Figure 6.14. It can be seen that reasonable agreement has 
resulted, with the predicted change within the error bars of the measured times. Hence, it 
was concluded that the transducer I pulse echo system had a vertical resolution of 
approximately 5Jlm. 
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Figure 6.13: Determination of the vertical resolution of the parabolic mirror 
transducer,' Time of arrival of the maximum peak in the received signal for a linear scan 
across steps of height shown. 
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Figure 6.13: (Continued) Determination of the vertical resolution of the parabolic 
mirror transducer,' Time of arrival of the maximum peak in the received signal for a 
linear scan across steps of height shown_ 
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6.7 Surface imaging 
In the previous chapter, the line-focusing transducers were used to image the 
surface of a two pence coin. Here, this experiment is repeated again using the fully 
focusing parabolic mirror device. Figure 6.15 shows the method used to scan the coins 
surface. The apparatus used was the same as that described previously in Chapter 5 (see 
Figure 5.45). The transducer was operated in pulse-echo mode, and positioned so that its 
focal region was on and nonnal to the surface of the coin (Le. the coin was at z=5mm). 
Surface to be 
~J--'<------::~ Focal 
point 
Figure 6.15: Method used to scan the sur/ace o/the coin. 
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A 30mm by 30mm scan was performed with a spatial frequency resolution of 
250J.lm. The PixieLab program was used to extract positional and the pk-pk amplitude 
data from the stored waveforms. Figure 6.16 shows this data plotted as a greyscale 
image, where lighter areas represent higher amplitude. It can be seen that a very clear 
image has been obtained, with the head and features easily visible, as well as the lettering 
around the edge. 
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Figure 6.16: Greyscale amplitude image plot of a two pence coin (darker areas lower 
amplitude) 
The PixieLab program was also used to extract the time of flight data from the 
waveforms. This was used to create a 3-D image of the coin. This is shown in Figure 
6.17, plotted with height data calculated from the time of flight, and amplitude data 
overlaid as shading. Again, a good image has been produced. 
Comparing the above images with those obtained with the line-focussing devices 
(see Figures 5.46 and 5.47), it can be seen that improved images have resulted with the 
parabolic mirror device. Note that, it was shown the cylindrical and parabolic mirror 
devices exhibited similar lateral resolutions (approximately O.68mm and O.55mm 
respectively), when used in pulse echo mode. However, the pitch catch method used to 
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Figure 6.17: 3-D image of a two pence coin. Plotted with height data calculated from 
time of flight, and amplitude data overlaid as shading. 
image the coin with the cylindrical transducers effectively halved the systems lateral 
resolution. This is ev ident from comparison of the images, with the one created by the 
parabolic mirror being much sharper than that from the cylindrical transducer. 
6.8 Conclusion 
The design and characterisation of a novel fully focusing air-coupled transducer 
has been discussed. Initial experiments were performed to study the frequency response 
of the transducer, using a pulse-echo method. The device was found to exhibit a 
bandwidth and centre frequency of approximately 700kHz. Its radiated sound pressure 
fields were examined, by scanning with a miniature detector, using both broadband and 
tone burst excitations. These were found to show peak pressure at the expected focal 
position. In addition, its lateral and vertical resolutions were measured, by scanning a 
series of steps and edges, and were found to be approximately O.Smm and Sf!m 
respectively. Surface imaging of a two pence coin was also performed, with good 
images obtained, using both amplitude and time of flight data. 
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7 Capacitive Immersion Transducers 
7.1 Summary 
This chapter describes the development and characterisation of a capacitive 
transducer for use in immersion. Firstly. the design and construction of the transducer is 
described. This is followed by a preliminary experiment to compare the characteristics 
of the device when used in air and in immersion. The effects of backplate topography 
are also examined. firstly using manufactured random metallic backplates. then with 
machined backplates produced by a photolithography process. The effect of applied bias 
on transducer characteristics is also studied. Radiated sound pressure fields are 
measured and compared to theoretical plane piston predictions. An alternative 
membrane material. mica, is also investigated. Finally. the device operation is 
demonstrated in a pulse-echo defect detection system. where artificially induced defects 
on the rear of Perspex and aluminium plates were imaged using a C-scan pulse-echo 
method. 
7.2 Introduction 
Immersion transducers are widely used in industrial and medical applications [1]. 
The use of water as the coupling medium is advantageous due to its similar acoustic 
impedance to that of the materiaI(s) under test. enabling the majority of the ultrasound to 
be transmitted into (and out of) the sample. Generally. for immersion work. 
piezoelectric transducers are commonly used. The typical construction of one of these 
devices is shown in Figure 7.1. They generally consist of a piezoceramic disc. usually of 
lead zirconium titanate (PZT). with a sintered metallised electrode on each face [2]. The 
rear face of the disc is attached to a backing layer; typically a highly attenuating tungsten 
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Matching layer 
Piezoelectric 
element 
Figure 7.1: Schematic diagram of a piezoelectric immersion transducer 
loaded epoxy, with an acoustic impedance similar to that of the piezoceramic. The 
purpose of this is to absorb the energy radiated backwards and damp out any 
reverberations, and reduce the subsequent ringing of the device, hence increasing its 
bandwidth. The front of the disc is usually covered with a IA wavelength matching layer, 
generally an epoxy or polymer, to improve coupling into the water. As discussed in 
Chapter 2, this matching layer also tends to reduce the overall bandwidth of the device, 
due to its thickness dependence on wavelength. Referring back to Table 2.1, which 
illustrated the acoustic properties of some common piezoelectric materials with their 
transmission coefficients into air and water, it can be seen that the transmission losses, in 
water, are relatively small compared with that for air. Hence, piezoelectric devices are 
much more suited to immersion applications. However, they have a number of 
disadvantages. Firstly, the backing layer is only mainly useful in damping the thickness 
resonance of the piezoceramic, although, radial resonances, especially with PZT, which 
has a high cross-coupling from thickness to radial modes [3], exist. These generally 
degrade the performance of such transducers due to non-uniform surface displacements, 
making prediction of the radiated sound field difficult. A number of methods of 
reducing these resonances have been tried. Using an alternative piezoelectric material 
having lower coupling to radial modes is one way, for instance polyvinylindene 
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difluoride (PVDF). Another suggestion is the addition of a central hole in the ceramic 
disc to discourage the radial resonance modes. 
Capacitive transducers, however, have been found to be an alternative to 
piezoelectric transducers for use in immersion. One of the first reported demonstrations 
of electrostatic transducers for immersion operation was by Schodder and Wiekhorst [4] 
in 1957. Later work by Miller [5,6] examined similar devices using electrets to remove 
the need of an external bias. 
Another device, described by Cantrell et al [7,8], consisted of a 10Ilm thick 
tensioned alloy membrane positioned lOllm from a back electrode. The membrane-
electrode gap was kept constant with the use of a pneumatic system to adjust the air 
pressure within the device. A schematic diagram of this electrostatic acoustic transducer, 
or ESTAT, is shown in Figure 7.2. It was shown to operate over a flat frequency range 
of 200kHz to 15MHz. However, a disadvantage with the design was that compensation 
for atmospheric andlor water pressure was required to keep the membrane-electrode gap 
constant. 
Membrane 
Electrode 
Slide assembly 
~~4""""'-'::;:;---jN=;:::::;=l 
Glass flat 
Hold ing Collar 
BNC connector 
To Bellows 
Tensioning ring 
(threaded) 
Figure 7.2: Schematic diagram o/the ESTAT transducer (from [7]). 
An alternative capacitive immersion device to those described above was an 
acoustically transparent capacitance immersion hydrophone described by Clark [9]. This 
differed to other devices in that they all used air as the compliant medium, whereas this 
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utilised a 2sllm thick solid polymer dielectric (Mylar) between two plates to create an 
ultrasonic detector. Its sensitivity was found to be independent of frequency. 
Preliminary work by Schindel et al [10,11], and Bashford et al [12], demonstrated 
that capacitive transducers, primarily designed for use in air, could also operate in liquids 
with extended bandwidth and sensitivity. These devices were of the polymer film I 
ridged conducting backplate design, described in Chapter 2, and of the type studied in 
this chapter. More recently, use of fully micromachined silicon based devices in 
immersion has been reported [13-15]. These devices, constructed with either thin silicon 
nitride or polysilicon membranes have generally been found to operate in fluids with 
bandwidths greater than those in air, with up to 20MHz being reported. 
The reason for these observed increases in bandwidth is though to be due to the 
following reasons: 
• Improved matching of the membrane to the water (due to similar acoustic 
impedances). 
• Reduced attenuation of the higher frequencies in water. 
• Increased damping of the membrane. 
• Compression of the air pockets behind the membrane. 
There have been many studies on the effects of backplate surface properties on 
the characteristics of air-coupled capacitive transducers [16-18]. However, no literature 
could be found referring to studies of these effects while in immersion, where they could 
be expected to be different due to the reasons listed above. Hence, to gain a better 
understanding of the operation of this type of transducer, the effects of backplate surface 
properties on its characteristics are one aspect that is examined in this chapter. 
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7.3 Transducer design and construction 
The design of the transducer was based on previous air-coupled capacitive 
devices, with the addition of a number of rubber O-ring seals. The transducer{s) were 
required to be watertight, and provide even clamping of the membrane material. They 
also needed to be designed to allow easy changing of the membrane. A pair of 
transducers were constructed, each consisting of a machined aluminium casing, housing 
a polished aluminium backplate. The backplate being insulated from the case with a 
nylon inset and internally connected to the centre pin of a waterproof 'N' type RF 
connecter, positioned on the rear cover of the transducer. The insertlbackplate assembly 
was designed to slide within the housing, thus enabling the backplate to be correctly 
positioned and then retained by the tightening of a grub screw. The front cover, or 
aperture, contained one of two O-ring seals used in the device, with the other recessed 
into the front of the main casing. A threaded hole was also positioned in the main 
casing, to allow attachment of an optical rod mount. Figure 7.3 shows a cut away 
schematic diagram of the device. Engineering drawings of the transducer are shown in 
Appendix C. 
After the manufacture of the device, all parts were washed in acetone, and 
cleaned with compressed air to remove any remaining dirt/dust particles. They were then 
assembled; firstly. with the backplate/insulator components then the rear cover and RF 
connector were screwed in place. using a silicone-based sealant to ensure water tightness. 
The O-rings were lightly covered with silicone grease, and placed into their respective 
housings. A dc bias (-50 V) was then applied. and a 3.5)lm thick metallised Mylar 
membrane was placed onto the polished backplate. The front aperture was then screwed 
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Aluminium Case 
Polished Aluminium 
Backplate 
Membrane 
O-ring Sea Is 
Figure 7.3: Cut-away schematic diagram of the capacitive immersion transducer. 
into place. The application of the dc bias during assembly ensured that no (large) air 
bubbles were trapped between the membrane and backplate. The transducer was then 
ready for use. Figure 7.4 shows a photograph of the fully assembled device (with an 
optical rod fitted). 
Figure 7.4: Photograph of the fully assembled immersion transducer. 
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7.4 Initial experiments - pulse echo operation in air and water. 
7.4.1 Pulse-echo operation 
Firstly, the effects of water loading on the characteristics of the transducer were 
investigated, by performing two pulse-echo measurements, one while in air, and the 
other while in immersion. The experimental set-up is shown in Figure 7.5. 
Tektronix TDS430A 
I- Oscilloscope ~ 
Ext, Trigg, Ch2 Ch 1 
,-
Panometrlcs pulser/recelver 
PR5055 
Aluminium 
block 
dc bias supply { ,<'-"\) 
__ O/p 
Immersion 
Tank 
Capacitive 
Immersion 
Transducer 
Figure 7.5: Schematic diagram of the pulse-echo apparatus. 
The transducer was connected to a Panametrics pulser/receiver unit (model 
SOSSPR), via a capacitive decoupling circuit, which allowed the application of a IOOV dc 
bias voltage. The pulser unit provided a wide bandwidth 350V transient pulse. The 
reflector consisted of a polished aluminium block, of sufficient thickness so that back 
wall reflections (that would be present in the immersion case) would not interfere with 
the initial front face echo. This reflector was placed approximately 50mm from the front 
face of the transducer, and carefulIy aligned to give the largest amplitude received signal. 
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Figure 7.6(a) shows typical pulse-echo waveforms obtained while in air and 
water. Their corresponding frequency spectra, plotted on the same axis for comparison, 
are displayed in Figure 7.6(b). It is evident that the characteristics of the pulse-echo 
system have changed appreciably, with a -6dB bandwidth of approximately 800kHz in 
air, compared to >2MHz in immersion. Peak frequency has also shifted from 
approximately 500kHz to 6MHz. The reasons for this increase in frequency response 
can be attributed to better matching of the membrane material to the medium, increased 
damping, compression of the air pockets behind the membrane, and reduced attenuation 
of higher frequencies. 
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Figure 7.6: Comparison of (a) typical pulse-echo waveforms obtained while in air and 
water, and (b) their corresponding frequency spectra. 
7.5 The effects of backplate surface properties: Random metallic 
backplates. 
7.5.1 Background 
As stated in the introduction, there have been many studies conducted examining 
the effect of backplate surface topology on the characteristics of capacitive transducers 
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while air-loaded. However, no such studies could be found for capacitive transducers 
when used in immersion, where differences due to the effects of water loading may 
occur. Therefore, it was decided that such an investigation was merited in this area. 
This section investigates the relationship (if any) between the bandwidth / 
sensitivity of the immersion transducer, and its backplate surface properties. For this 
study, a number of backplates with different surface roughness' were manufactured. 
These were then fitted in the immersion transducer, which was then characterised as a 
source and detector. Comparisons of the results were then made. 
7.5.2 Transducer modification. 
To perform the study of the effect of backplate surface properties, the transducer 
required a small modification so that the backplate could be changed easily. The 
roughened backplates (described below) were fabricated from brass scanning electron 
microscope (SEM) sample holders. These were a 12.5mm diameter by 3mm thick brass 
disc with a 2.5mm diameter, 10mm long pin extending from its centre on one side. The 
original polished backplate was drilled with a central hole to allow the 'pin' of the SEM 
sample holder to be inserted, thus allowing easy replacement of the backplate without 
having to disassemble the whole device. Figure 7.7 illustrates the modification made to 
one of the immersion transducers. 
New backplate 
_-_---....,..,;,..,/--.-- - Original backplate 
••. ~'~-'=i~ •• 
Figure 7.7: Modification made to the immersion transducer. 
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7.5.3 Manufacture of random metallic backplates 
To create a variety of backplates with different surface characteristics, a range of 
grades of silicon carbide (SiC) paper were used to grind/polish the surface of the SEM 
sample holders. In total seven backplates were produced. Firstly, all the backplates were 
ground flat, using a Metaserv 2000 universal grinding/polishing machine fitted with a 
#400 SiC paper disc (the coarsest available on the machine). Three of these backplates 
were then put to one side, while the remaining four were then ground using a fmer #600 
SiC paper disc. Of these four, one was removed, and the remaining three were then 
ground with #1200 paper. Again, one was kept back and the remaining two were 
polished using #4000 SiC paper. Finally, one of these was then polished with 0.04~m 
OP-U polishing paste. With exception of the OP-U polishing stage, water was used 
throughout as a lubricant. To make backplates with a coarser fmish than that was 
available on the grinding/polishing machine, two of the three backplates previously put 
to one side after the initial #400 stage, were ground (by hand) using #80 and #150 grade 
SiC paper, using a glass block to ensure flatness. All seven backplates were then placed 
into a heated ultrasonic bath for 10 minutes to remove any debris. They were then 
washed with acetone and dried with a compressed air jet. Figure 7.8 shows a photograph 
of the completed backplates. 
Y' ... 
t' . \ .! \ 
~ ~, "', 1" "" ~ , \ I \ \ " 
. \ '. ' .. \ ., , 
\~. ,~. 
Figure 7.8: Photograph of the seven roughened / polished brass backplates (#80 left 
through to #0.04 furthest right). 
198 
Chapter 7: Capacitive Immersion Transducers 
The surface properties of the backplates were then measured using a Wyko 
optical surface profiler. Table 7.1 shows a summary of the main surface properties, with 
definitions of each of these outlined in Table 7.2. The Wyko surface profiler images of 
the backplates (2.4mm x 1.8mm section) are shown in Figure 7.9 as greyscale images, 
together with their corresponding scales. 
Backplate Ra Rq Rt Rp (~m) S Sm (~m) (nm) (nm) (~m) (~m) 
#80 1034.0 1179.0 7.84 3.58 22.3 64.9 
#150 510.4 674.7 4.57 1.85 19.6 47.6 
#400 254.4 325.2 2.02 0.855 17.3 36.5 
#600 158.3 203.2 1.32 0.560 16.4 31.5 
#1200 131.5 177.6 1.19 0.530 15.8 25.3 
#4000 27.2 36.5 0.268 0.108 18.5 27.3 
#0.04 21.6 32.9 0.243 0.0620 20.8 53.9 
Table 7.1: Surface properties of manufactured random backplates. 
Surface parameter Definition 
Ra A verage roughness 
Rq RMS roughness 
Rt Peek to valley difference 
Rp 
Max. profile peak height 
(difference between mean line and max peak height) 
S Mean spacing of adjacent peaks 
Sm Mean spacing of profile peaks at the mean line 
Table 7.2: Definition of surface roughness parameters (from WYKO reference manual 
[19J) 
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7.5.4 Experimental set-up 
Two main experiments were perfonned to characterise the transducer with each 
of the different backplates fitted. The first examined the characteristics of the transducer 
as a receiver, and the second as a source. 
For studying the characteristics of the transducer as a detector, a lOMHz 
Panametrics piezoelectric immersion transducers was used as source. Ideally, a 
transducer with a very large bandwidth would have been used, however none was 
available so it was decided to use the Panametrics immersion sources and attempt to 
correct for its response later. These transducers were driven by the Panametrics 
pulser/receiver unit (SOSSPR), which delivers a short duration wide bandwidth 3S0V 
transient pulse. The capacitive immersion device was connected to a Cooknell charge 
amplifier (CA6/C), with a sensitivity of 2S0mV/pC, and a bandwidth of 10kHz to 
lOMHz. This charge amplifier also supplied a lOOV dc bias. The output of this was 
coupled to a Tektronix TOS430A oscilloscope, with an integral floppy drive, allowing 
storage of the received wavefonns. This arrangement is shown in Figure 7.10. 
Testing the transducer as a source was achieved by using a Imm circular PVOF 
needle hydrophone detector [20] (same as used in Chapter 3). This hydrophone/preamp 
system, supplied by Precision Acoustics Ltd, UK, has a flat frequency response (±4dB) 
extending from 200kHz to ISMHz, with a calibrated sensitivity of 970mV/MPa@3MHz. 
The Panametrics pulser/receiver unit (SOSSPR) was used again to drive the capacitive 
transducer, via a decoupling box to apply a lOOV dc bias. The output from the 
hydrophone preamplifier was coupled to the Tektronix TOS430A oscilloscope (via a 
supply coupler for the preamp). Figure 7.11 shows this arrangement. 
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Figure 7.10: Immersion transducer receiver experiment; schematic diagram of the 
experimental apparatus 
The eparation of the transducers used in both the experirnents above was 100rnrn 
(±lrnm), en uring that the receiver was positioned in the far field region of the source 
tran ducer, They were also carefully aligned to give a rnaxirnurn arnplitude / frequency 
of th received ignal. 
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igure 7.11: Immersion transducer source e.xpen'ment; schematic diagram of the 
apparatus, 
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7.5.5 Effect of roughened backplate properties on source characteristics 
This experiment examined the characteristics of the immersion transducer as a 
source, when fitted with the different backplates described above. The transducer was 
assembled using a new 3.5J.lm thick Mylar membrane each time the backplate was 
changed. Using the 1 mm circular PVDF hydrophone as a detector, waveforms were 
taken for each of the back plates across a 100mm propagation distance. The transducer 
drive signals were also measured. using a high voltage probe placed across the device 
terminals. A typical measured transient drive signal is shown in Figure 7.12. The 
nominal capacitance of the assembled transducer (while in immersion. and without an 
applied bias) was also measured using a Wavetek capacitance meter (model CM-20A). 
,oo~ 
·200 
.:100 L.....-.-......~~..-...._ ..................... ~ .................... ~ .......... ......J 
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Tlme{jls) 
Figure 7.12: Typical transient dn've signal measured across the transducer. (with 100V 
applied bias) 
The measured nominal capacitances of the transducer (corrected for the 
capacitance of the cables Iconnectors etc.) for all the backplates are shown in Table 7.3. 
As expected, the capacitance of the device increases with a decrease in surface 
roughness. According to parallel plate theory. capacitance is proportional to the inverse 
distance of the air gap between the two plates (ignoring edge effects) and this mean gap 
would be expected to decrease with lower surface roughness. Figure 7.13 shows the 
measured device capacitances plotted against lIRa. It can be seen there is not a linear 
relationship as may be expected. However, as discussed in Chapter 2. the capacitive 
transducer with a roughened backplate is far more complex, and does not possess an 
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accurately defined air gap. A further literature search on this problem revealed that no 
simple linear relationship exists between the backplate surface properties and the device 
capacitance. 
Backplate Capacitance (pF ±10pF) 
#80 171.0 
#150 238.0 
#400 280.0 
#600 299.0 
#1200 322.0 
#4000 414.0 
#0.04 495.0 
TabJe 7.3: Measured nominal device capacitances. 
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Figure 7.13: Measured nominal capacitance of device fitted with the backplates as 
shown, plotted against lIRa. 
A typical received waveform from the transducer when fitted with the #0.04 
backplate is shown in Figure 7.14(a). This shows a reasonably damped signal has been 
produced. Figure 7.l4(b) shows a waveform where the capacitive transducer was 
replaced by a 10MHz Panametrics piezoelectric immersion source. Comparison of the 
two waveforms reveals they have comparable signal amplitudes, hence similar acoustic 
pressures have been produced. 
204 
Chapter 7: Capacitive Immersion Transducers 
5 5 
S' 0 ---.N w\/Ii' '-'""-'''''-----------! 
.§. 
GI 
~ -5 
Q. 
E 
~ -10 
-15 
-15 
-20 .......................................................................... ..........,a..........Ja..........Ja..........Ju........Ju........J...........J 
-20 ................................................................................................................................. u.........u.......J 
2.5 3.0 3.5 <4.0 <4 .5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 2.5 3.0 3.5 <4.0 <4 .5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 
Time (us) Time (us) 
(a) (b) 
Figure 7.14: Typical received waveforms from the lmm circular PVDF hydrophone 
when positioned 100mmfrom (a) the capacitive immersion source fitted with the #0.04 
backplate and a 3.5pm Mylar membrane, and (b) 10MHz Panametrics piezoelectric 
immersion transducer. 
Figure 7.15 shows a comparison of the frequency spectra from all the backplates. 
Note that the waveforms themselves are not shown, as they are all very alike. 
Examination of the frequency spectra reveals that there appears to be some relationship 
between the amplitude and peak frequencies, and the backplate properties, with smoother 
backplates producing a lower peak frequency and higher amplitude. However, 
inspection of the measured drive signals, whose frequency spectra are shown in Figure 
7.16, reveals that their characteristics are also different for the different backplates. This 
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Figure 7.15: Comparison ofthefrequency spectra of the waveformsfrom the immersion 
transducer fitted with the various backplates. 
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Figure 7.16: Frequency spectra o/the measured drive signal/or the various backplates. 
was thought to be due to the variations of capacitance of the devices changing the load 
impedance on the pulser unit. In an attempt to remove this effect, the frequency spectra 
of the received waveforms were each 'normalised' by their respective drive signal 
frequency spectra. The results of these 'corrected' frequency spectra are shown in Figure 
7.17, plotted with relative amplitude (a), and normalized amplitude (b). Note that these 
were only plotted up to 12MHz, due to numerical errors arising from the correction 
operation above this frequency. They are also visibly very noisy. However, examination 
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Figure 7.17: 'Corrected ' frequency spectra from the immersion transducer (when used 
as a source) plotted with (a) relative amplitude, and (b) normalised amplitude. 
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of these plots shows little difference between the frequency responses of the system 
when fitted with the different backplates. The plots indicate a -6dB bandwidth in the 
region of 2M Hz to 10MHz. 
Examination of the amplitudes of the frequency spectra reveals that the smoother 
backplates produced higher amplitude signals, than the rougher ones. Previous work 
with capacitive air transducers by Wright [21] showed that there appeared to be a 
relationship between the device sensitivity and the inverse square root of the surface 
roughness, Ra. To examine this, the relative maximum peak signal amplitude of each 
backplate, from Figure 7.17(a), were plotted against lI~Ra. They were also plotted 
against the nominal device capacitance for comparison. These are shown in Figure 
7.18(a & b). There would appear to be a linear relationship in both plots, with a slightly 
better fit in the plot against capacitance. This is revealed by examination of the least 
squares best fits coefficients of determination, R2 of 0.942 and 0.964 for the lI~Ra and 
capacitance plots respectively. 
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Figure 7.18: Peak corrected amplitude plotted against (aJ VrIIR), and (b) measured 
nominal capacitance. 
It may thus be concluded that, when used as a source, the bandwidth appears 
relatively independent of surface roughness over the range studied, but that smoother 
surfaces result in larger transmitted amplitudes. The latter effect is probably due to the 
smaller gap between the electrodes. The bandwidth observation differs from those 
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reported in air [21, 22], and is thought to be due to the water loading, which dampens the 
membrane response and becomes the dominant effect. This will be discussed further 
below. 
7.5.6 Effect of backplate surface properties when used as a receiver 
This experiment examined the characteristics of the transducer as a receiver, 
when fitted with the manufactured backplates. The experimental set-up has been 
described previously (Figure 7.10). Firstly, the capacitive transducer as assembled with 
the #80 backplate, and a 3.Sllm Mylar membrane. It was then connected to the Cooknell 
charge amplifier (sensitivity 250mV/pC, bandwidth 10Hz to 10MHz), and a toOV bias 
was applied. The transducers were positioned 100mm (±Imm) apart. Waveforms were 
then taken of the signal received by the immersion transducer for both sources. This was 
repeated for each of the backplates, again renewing the membrane each time. 
A typical waveform from the transducer when fitted with the #0.04 backplate and 
positioned 100mm from the 10MHz piezoelectric source is shown in Figure 7.19. This 
shows a high amplitude, well-damped signal. Note that this was taken without signal 
averaging, demonstrating the high signal to noise ratio (typical noise from the Cooknell 
charge amplifier -1.lmV pk-pk). The frequency spectra of the received waveforms are 
shown in Figure 7.20, and are plotted (a) with relative amplitude, and (b) normalised 
amplitude. It is evident that there again appears to be a relationship between the 
sensitivity and backplate surface properties, with smoother backplates resulting in higher 
sensitivities. A slight change in frequency response is also apparent in the 10MHz 
source case, with rougher backplates appearing to have a higher upper frequency cut-off. 
However, this could be due to the variations in capacitance of the devices changing the 
upper cut-off frequency (specified as 10MHz) of the charge amplifier, indicating that the 
upper frequency limit is restricted by the amplifier itself, and not by the transducer. 
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Figure 7.19: Typical waveform received by the capacitive immersion transducer, fitted 
with the #0_ 04 backplate positioned 100mmfrom a 10MHz Panametrics piezoelectric 
transducer. 
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Figure 7.20: Comparison offrequency spectra of the waveforms received by the 
immersion transducer when fitted with different backplates. (10MHz Panametrics 
piezoelectric immersion source). Plotted with (a) relative sensitivity, and (b) normalised 
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The pulse-echo waveform from the 10MHz Panametrics immersion transducer 
was also taken during the experiment. This was so that its characteristics could be 
corrected, in an attempt to resolve the true receiver characteristics of the capacitive 
immersion transducer. As this waveform was the pulse-echo response, the square root of 
its corresponding frequency spectrum was calculated. This, assuming a truly reversible 
transducer, results in the 'one-way' frequency response of the device. This is shown in 
Figure 7.21. 
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Figure 7.21: Normalised square root of the freq uency spectra of the measured pulse-
echo waveformfrom the lOMHz, Panametrics piezoelectric immersion transducer. 
The results were then corrected for the frequency response of the 10MHz source. 
These 'corrected' spectra are shown in Figure 7.22, again plotted with (a) relative and (b) 
normalised amplitude. The normalised plots show very similar bandwidths (-6dB) 
extending from -200kHz to -3.2MHz, with perhaps a very small bandwidth increase for 
the rougher backpJates. 
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Figure 7.22: Comparison of the 'corrected' receivedfrequency spectrafrom the 
immersion transducer when fitted with different backplates. Plotted with (a) relative 
sensitivity and (b) normalised sensitivity. 
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To examine the effect of backplate properties on device sensitivity, the maximum 
peak sensitivities (from the corrected spectra) for all the backplates were plotted firstly 
against their surface properties. This is shown in Figure 7.23(a). A line of least squares 
best fit is shown, together with its corresponding coefficient of determination, R2. It can 
be seen that there appears to be a definite linear relationship between the inverse square 
root of the surface roughness, Ra, and the transducers peak sensitivity. The peak 
sensitivities were also plotted against capacitance. This is shown in Figure 7.23(b). 
Again, a linear trend is evident. 
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Figure 7.23: Peak corrected sensitivity plotted against (aJ YrI/RaJ, and (bJ measured 
nominal capacitance. 
7.5.7 Mylar film as the compliant medium 
The capacitive immersion hydrophone, developed by Clark [9], used a polymer 
as the compliant medium. To examine if the Mylar membrane has a significant factor on 
the characteristics of the transducer described here, an experiment was conducted. This 
used the immersion transducer fitted with a 3.5Jlm Mylar membrane, which was fully 
metallised on its front surface, and also partly on the rear, over the area where the 
backplate would normally contact. This effectively shorted out the effect of the 
backplate, and any signal was due to the effects within the membrane. 
211 
Chapter 7: Capacitive Immersion Transducers 
Firstly, the transducer was tried as a source (using the experimental set-up 
described above). However, this proved unsuccessful with no measurable signal being 
produced. It was then tested as a detector, again using the experimental set-up described 
previously. A IOOV bias was applied, and the 10MHz Panametrics piezoelectric 
transducer was used as a source. 
Figure 7.24 displays a typical received waveform and its corresponding 
frequency spectra. The waveform shows a highly damped signal. Note, however, that it 
has very low amplitude and was highly averaged to improve the signal to noise ratio. 
This low amplitude indicates that the contribution of the compression of the Mylar film 
is insignificant when compared to the amplitudes of the signals received with air (and the 
membrane) as the compliant medium (see above). The frequency spectra shows a wide 
bandwidth response, similar to that of the calculated one-way response of the IOMHz 
piezoelectric source (Figure 7.21 (b}), implying it has greater bandwidth than this. 
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Figure 7.24: Typical received waveform (a) from the metallised Mylar film detector, 
1 OOmm from a 10MHz Panametrics source, (b) and its corresponding frequency 
spectrum. 
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7.5.8 Effects of applied bias 
This experiment examined the effect of applied bias on the characteristics of the 
transducer. The device was fitted with the #1200 backplate and a 3.Sllm thick Mylar 
film. It was used as a source, with the Imm circular PVDF hydrophone as a receiver. A 
variable dc power supply with a maximum output of lkV was used to supply the bias 
voltage, via the capacitive de-coupling circuit. 
Waveforms were taken as the bias voltage was ramped up in SOV steps. At 
approximately 700V arcing of the membrane occurred so the experiment was halted. It 
was then repeated again, after replacement the membrane with a thicker Sllm Mylar film. 
Arcing again occurred, this time at approximately BOOV. 
Figure 7.25 shows the peak-peak amplitude of the received signals from the 
3.Sllm, and the Sllm membrane, plotted as a function of bias voltage. It is evident that 
there appears to be a maximum amplitUde for both membranes, with, as expected, greater 
signal amplitude from the thinner 3.5J.lm filmed device. A slight drop in the amplitude 
for the SJ.lm film at SOV bias can also be seen. This was assumed to be due to residual 
charge on the membrane, caused by polarisation. The slight decrease in amplitude as the 
bias is increased in excess of 300V could also be attributed to the film polarising during 
the experiment. Figure 7.26 displays a comparison of the frequency spectra from the 
received waveforms for a selection of applied bias voltages, plotted with relative 
amplitudes. There appears to be a slight shift in the peak frequencies, being lower for 
the higher bias voltages. However, examination of the drive signal spectra (Figure 7.27) 
shows that this frequency shift is again partly due to changes in the drive signal. The 
spectra were then corrected for their corresponding drive signal. The resultant spectra 
are displayed in Figure 7.28. Note that above approximately 15MHz errors arise due to 
the correction operation. From these corrected spectra, there appears to be little change 
in the frequency response of the device for all of the applied bias voltages. The effect of 
water loading would again appear to be a dominant feature of the response. 
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Figure 7.25: Received signal amplitude (Pk-pk) as afunction of applied bias voltage, 
when fitted with a #1200 backplate. Membrane thickness as shown. 
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Figure 7.26: Frequency spectra o/the received signals from a capacitive immersion 
sourcefittedwith a #1200 backplate and a 5f.J11l Mylar film. Applied bias as shown. 
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Figure 7.27: Frequency spectra of measured transient pulse across the transducer, from 
the Panametrics pulserlreceiver unit (5055PR) for the applied bias as shown. 
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Figure 7.28: Comparison of the frequency spectra correctedfor their corresponding 
drive signal. Applied bias as shown. 
7.5.9 Discussion 
Previous studies of the effect of backplate properties on the characteristics of 
capacitive transducers in air have shown that rougher backplates tend to produce/receive 
lower bandwidth, higher amplitude signals, and highly polished backplates 
produce/receive lower amplitude, higher bandwidth signals [21,22]. However, the 
results from experiments described above for the immersion transducer, operating as 
both source and detector, tend to indicate that there was no significant change in 
frequency response for the different backplates. Conversely, the experiments 
demonstrated significant amplitude/sensitivity increases for the smoother backplates. 
This could be expected, as the smoother backplates were found to exhibit higher nominal 
capacitance. Thus, as a detector, for equal deflections of the membrane there would be a 
larger capacitance change for the higher capacitance devices, hence producing greater 
signals. Likewise, as a source, for the smoother backplates with the higher capacitance, 
thus with a smaller air gaps, greater electrostatic forces would be produced, hence 
resulting in larger membrane deflections. In addition, the frequencies observed in water 
immersion are much higher than that in air. These are likely to be generated by the 
'flatter' sections of the backplate, hence the increased sensitivity observed for the 
smoother backplates. 
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The results of the study on the effect of bias voltage on the transducer 
characteristics indicated that bandwidth was little affected by the applied bias. This 
would again indicate the dominance of the water loading effect on the membrane. The 
experiment with the Mylar membrane metalised on both sides demonstrated that little 
effects would be produced due to any compliance of the material. 
7.6 The effects of machined backplates. 
7.6.1 Manufacture of back plates. 
These backplates were again manufactured using SEM sample holders. Firstly, 
all the backplates were ground flat with #400 SiC paper, using the Metaserv 2000 
universal polishing/grinding machine used to manufacture the random roughness 
backplates. They were then successively ground with finer grades of SiC paper until 
they were finally polished with OP-U 0.041lm polishing paste. They were then washed 
in acetone, and dried in a compressed air jet. 
The process for creating the surface features was by using a photoresist layer, 
where a pit or hole was defined simply by exposing the required area to a UV light 
source and then developing, this removing the resist in the exposed area. The depth of 
the hole was hence controlled by the thickness of the photo resist layer. To make the 
surface conducting, the last process step was an evaporation of a gold layer. 
The fabrication process is shown in Figure 7.29. A layer of photoresist was first 
spun onto the backplates (a), and then soft-baked in an oven at 90°C for 5 minutes (to 
drive off the solvent base). After cooling, they were exposed to UV light, for 6 seconds, 
through an optical mask (manufactured by PPM Photomask Inc., Canada) (b). This 
contained 10mm x 10mm sections of a range of size holes, squares, lines etc. For these 
experiments, a range of circular holes were chosen, with one backplate left unexposed 
for comparison to the rest. The backplates were then developed by immersing in 
developer for 20 seconds, and then washed in distilled water (c). A hard bake was then 
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performed at 180°C for 20 minutes. They were then loaded into an Edwards Auto 306 
evaporator and coated with 20nm chrome (an adhesion layer), followed by 80nm of gold 
(d). 
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Figure 7.29: Fabrication process a/machined photo resist backplates. 
A total of six backplates were produced, one without any etched pits, the others 
using masks with holes of 40~ x 80llm (diameter x pitch), 30llm x 60llm, 20llm x 
Figure 7.30 shows Wyko surface profiler images of sections of the backplates. It 
can be seen that holes with well-defined edges have been produced for all the mask sizes. 
Table 7.4 shows the measured sizes of the hole diameter, spacing, and depth for each of 
the backplates, together with the calculated hole area, hole volume, total flat area, and 
total hole volume. It is evident that the holes are slightly larger than that defmed by the 
masks. This may be due to diffraction of the UV light through the mask, or slight 
overexposure of the photo resist. The hole spacing however agrees with that of the mask 
used. 
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Measurement Device 40x80 30x60 20x40 15x30 10x20 Flat 
Hole diameter (~m) 47.40 35.50 25.20 19.20 14.10 -
Hole depth (Ilm) 0.92 0.96 0.85 0.97 0.95 -
Hole area (nm2) 1764.60 989.80 498.76 289.53 156.14 
Hole volume (~m3) 0.00161 0.00095 0.00042 0.00028 0.00015 -
Hole spacing 80.40 60.10 39.90 30.20 19.60 -
Area ratio 0.27 0.27 0.31 0.32 0.41 -
Total flat area (mm2) 21.44 21.52 24.61 24.93 31.92 78.54 
Total hole volume (Ilm3) 0.0522 0.0547 0.0459 0.0519 0.0441 0.0000 
Table 7.4: Photoresist backplate properties 
7.6.2 Effect of machined backplate properties on receiver characteristics 
As with the random metallic backplates, they were tested as a receiver using the 
10MHz Panametrics piezoelectric immersion transducer as a source. The same 
experimental set-up was used again (see Figure 7.10). The device was assembled with 
each of the backplates in turn, fitting a new 3.5J..1.m Mylar membrane each time. 
Figure 7.31 (a) shows a comparison of the frequency spectra of the received 
waveforms from each of the backplates. No obvious differences between the spectra are 
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Figure 7.31: Comparison of relative frequency spectrafrom the machined backplates 
used (a) as a source, (b) a receiver. 
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apparent; either in terms of magnitude or form. The plots are, however, in good 
agreement with those obtained for the polished (#0.04) random metallic backplate (see 
Figure 7.20(a & b». 
7.6.3 Effect of machined backplate properties on source characteristics 
The source characteristics of the photoresist backplates were also examined. The 
experimental set-up was identical to that used previously, with the Imm circular PVDF 
hydrophone as a detector, and the immersion transducer driven by a Panametrics 
pulser/receiver unit (PRSOSSX); note that this was a slightly different model to that used 
previously. A 3.SJlm Mylar membrane was again fitted to the device, and renewed after 
changing the backplate. 
Figure 7.3l(b) shows a comparison of the frequency spectra from the received 
waveforms for each of the backplates. Slight differences are evident, with perhaps the 
30x60 and 40x80 backplates showing slightly higher bandwidth than the flat and 15x30 
devices. However, no conclusive trends can be seen, and these differences could be due 
to slight changes in transducer alignment, and/or the membrane replacement process. 
7.6.4 Discussion 
The results indicate that the pits in the backplate have little effect on the observed 
sensitivity and frequency response of the device. The measured responses were 
comparable to those measured previously while using the smoothest #0.04 backplate. 
This perhaps again indicates that it is only the 'flat' areas of the backplate influencing the 
characteristics of the device. 
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7.7 Radiated sound pressure fields 
7.7.1 Background 
Examination of the sound pressure field emanating from a device is another 
method that can also be used to characterise immersion transducers [23]. As discussed in 
the introduction to this chapter. traditional PZT based immersion transducers can suffer 
from a high coupling between radial and thickness modes of resonance. This can lead to 
non-uniform displacements across the front face of the transducer. hence producing 
unpredictable sound fields. 
The air-coupled capacitive transducer, however. has been shown to behave more 
predictably. and its emitted field can be modelled accurately using a piston in a planar 
baffle model [24]. This section examines this by measuring the radiated pressure fields 
from the capacitive immersion transducer. and comparing this to the theoretical predicted 
fields. 
7.7.2 Experimental set-up 
The fields were obtained by scanning along the radial and axial axis of the 
transducer. with the Imm diameter PVDF hydrophone, and storing a waveform at each 
spatial position. The experimental apparatus is shown in Figure 7.32. this is essentially 
the same as the scanning system previously described in Chapter 4. The Imm diameter 
PVDF needle hydrophone was attached to the scanning stage. The immersion transducer 
was fitted with the #0.04 backplate. and a new 3.5Jlm Mylar membrane. and positioned 
at one end of the immersion tank, so its sound field was radiating horizontally. along the 
z-axis. The photograph in Figure 7.33 shows this arrangement. 
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Figure 7.32: Schematic diagram of the experimental set-up for scanning of the radiated 
sound pressure field. 
Figure 7.33: Photograph of the field scanning rig (with the hydrophone and immersion 
transducer visible). 
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The field scans were initiated 6mm (± 1 mm) from the front membrane of the 
transducer (due to the thickness of the front aperture). An area measuring 45mm x 
40mm was scanned along the z (axial) axis and x (radial) axis respectively, with a spatial 
frequency period of O.Smm. Firstly, a scan was performed with the transducer driven by 
a broadband transient pulse from an Avtec pulser unit (model AVRH-I-C). Note that 
this was different to the pulser unit used above, as it allowed higher amplitude (up to 
lkV) pulses to be applied so that less signal averaging was required, hence reducing the 
duration of the scan. This unit was then replaced with a Matec R.F. gated power 
amplifier (model 5l5A) driven with a CW sine wave from a Wavetek signal generator 
(model 191). Two subsequent scans were then performed, with lOOV pk-pk, 20 cycle, 
tone burst excitations of lMHz, and 3MHz. A bias of lOOV was applied throughout all 
the scans. 
7.7.3 Results and comparison to predicted sound pressure fields. 
Analysis of the waveforms was performed the PixieLab LabVIEW™ program, 
previously described in Chapter 4. For the scans performed here, the program was used 
to extract peak-to-peak amplitUde, and positional data from the stored waveforms. This 
was then plotted, to create 3-D maps of the peak sound pressure fields from the device. 
The result of the broadband transient drive signal scan, are shown in Figure 7.34(a). 
They are plotted as both a wire frame mesh plot and as a greyscaIe intensity plot, where 
white represents high amplitude, and black low amplitude. The results from the tone 
burst excitation scans were also plotted in the same way and are displayed in Figure 
7.34(b & c), for the IMHz and 3MHz cases respectively. As expected, the tone burst 
plots show more complex variations within the near field than the broadband plot. 
Interestingly, the far field I near field maxima in the broadband and 3MHz tone burst plot 
are in similar positions (z ~ SOmm), implying the broadband signal has a centre 
frequency of approximately 3MHz. 
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Figure 7.34: Measured pk-pk amplitude o/the soundfieldsjrom the capacitive 
immersion transducer when dn'ven by (a) a broadband transient (b) lMHz tone burst, 
and (c) a 3MHz tone burst signal, 
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A Matlab ™ program was written to calculate the theoretical sound pressure fields 
from a 10mm diameter plane piston source. using Equations (1.19) to (1.22) from 
Chapter 1. The surface velocity drive waveforms. v(t), used in these calculations. were 
derived using the same equation used for field predictions in Chapter 4 (Equation 4.1). It 
should be noted that the surface velocity waveforms were of arbitrary amplitude; and 
hence so were the resultant calculated pressure field plots. A listing of the Matlab ™ 
program used is shown in Appendix B. 
Analysis of a waveform from the broadband transient scan showed that it had a 
centre frequency of approximately 3MHz. Hence. this value was used as the centre 
frequency for the drive velocity to calculate the theoretical pressure field. Figure 7.35(a) 
shows the result of this calculation, again plotted as a wire frame mesh plot and a 
greyscale intensity image. The narrow band tone burst driven theoretical sound pressure 
filed plots were also calculated and are shown in Figure 7.35(b & c) for the IMHz and 
3MHz cases respectively. Comparison of these three theoretical plots with the 
experimental scans, Figure 7.34(a-c). shows good agreement, with on axis minima and 
maxima positioned at approximately the same axial distances, and the positions of side 
lobes. present in the tone burst plots. also agreeing well. 
7.8 Mica as an alternative membrane material 
This section examines the use of an alternative membrane material. Previous 
studies have highlighted the problems with the porosity of the thin polymer membranes 
[12]. allowing water ingress in to the device. For the backplate characterisation 
experiments conducted above. this was found not to be a problem as the transducer was 
only in immersion for a short time. However. for longer periods. of a few hours or more. 
(i.e. during the pressure field scans) the performance of the transducer was found to 
degrade with time until it ceased to work. This was assumed to be due to water ingress 
through/into the membrane. One solution is to coat the membrane with a waterproof or 
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Figure 7.35: Theoretical sound pressure field plot for a lOmm diameter plane piston 
transducer, when driven by (a) a broadband signal (centre 3 MHz), (b) a IMHz tone 
burst and (c) a 3MHz tone burst simulated surface velocity. 
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hydrophobic film, such as Teflon. During the field scan study above, a thin layer of 
silicone grease (applied by spraying after assembly of the transducer) was found to be 
adequate; with transducers treated in this way still operating after 24hrs of immersion. 
There were no measurable differences in the characteristics of an untreated device, to one 
with a thin coating of grease. 
Another method is to use an entirely different membrane material, without the 
porosity associated with the thin polymers. Bashford et al [12] tried mica with some 
success. However, in this case, the limiting factor was thought to have been the 
thickness, where the thinnest available at that time was approximately 20Jlm. A source 
of 4Jlm thick mica has been found and the purpose of this section is to make a 
comparison with the Mylar membrane. 
7.8.1 Comparison with Mylar membrane - as a receiver 
A comparison was made between the characteristics of the transducer, as a 
detector, when fitted with a 3.5Jlm thick Mylar membrane, and a 4Jlm thick metallised 
mica membrane. The same experimental set-up was used as above, with a lOMHz 
Panametrics immersion transducer source. The transducer was fitted with a #1200 
backplate, and a 100V bias was applied for all the membranes. The propagation distance 
was approximately 100mm. One Mylar and two identical mica membranes were tested. 
Figure 7.36(a) shows the frequency spectra of the received waveforms for the two 
mica membranes and the Mylar membrane. Figure 7.36(b) shows the normalised 
frequency spectra of the three membranes. It is evident that the Mylar membrane 
appears to be slightly more sensitive than the two mica ones. However there is little 
difference in the bandwidths of all three membranes. Note that these were not corrected 
for the frequency characteristics of the 10MHz piezoelectric transducer as this 
experiment was just a comparison between the two types of membrane. 
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Figure 7.36: Relative amplitude frequency spectra (a) and normalised frequency spectra 
(b) of the signals from two mica fA and B) and one Mylar membraned receiver fitted 
with a #1200 backplate, 100mmfrom a 10MHz piezoelectric source. 
7.8.2 Comparison with Mylar membrane - as a source 
The mica was also characterised as a source and compared to the Mylar 
membrane material. The 1mm circular PVDF hydrophone was used as a receiver, and 
the Panametrics pulser unit was used to drive the immersion device. The transducer was 
again fitted with a #1200 backplate, and a 100V bias was applied for all the 
measurements. 
Figure 7.37(a) shows the received waveforms. It can be see that the amplitudes 
of the waveforms for both membrane materials are similar. However, the mica 
waveforms appear to be of lower frequency and more highly damped than the Mylar 
waveform. This also confirmed by examination of their corresponding frequency spectra 
(Figure 7.37(b». This shows the mica membranes to have a peak frequency of 
approximately 2MHz, and the Mylar approximately one of SMHz. Note that these have 
not been corrected for their drive signals, but examination showed they were very similar 
for the two membrane materials. 
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Figure 7.37: Wavefonns (a) and correspondingfrequency spectra from two mica fA and 
B) and one Mylar membraned source (#1200 backplate). 
7.9 Application - Defect detection in Perspex and aluminium plates 
using a capacitive immersion transducer 
7.9.1 Apparatus and experiment 
To investigate an application of the capacitive immersion transducer, and 
demonstrate its use in a practical defect detection system, an experiment was performed 
to attempt to image artificially induced defects in Perspex and aluminium plates_ A C-
scan arrangement was used, with the immersion transducer operating in pulse-echo 
mode. 
The schematic diagram in Figure 7.38 illustrates the experimental set-up used. 
The transducer was connected to the Panametrics (SOSSPR) pulse-receiver unit, via a 
capacitive de-coupling box to allow the application of a 200V dc bias (a higher bias than 
used previously to improve signal amplitude). The receiver output of the Panametrics 
pulser was connected to a Tektronix TDS430A oscilloscope, which, in turn, was 
connected to a PC via a GPIB bus. The test specimen (plate) was positioned horizontally 
at the bottom of the immersion tank, with the ' defect' on its underside. It was supported 
at both ends with spacers to ensure that its lower side was not in contact with the bottom 
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of the tank. A capaciti e immersion transducer was then assembled with a polished 
(#0.04) backplate and a 3.S)lm thick Mylar membrane. It was attached to a X-Y 
scanning stage (same as used previously), and positioned 60mm (±2mm) above the test 
sample, and carefully aligned to give maximum amplitude received signa\. The test 
samples con i ted of two 12mm thick Perspex plates, one with a 20mm square recess and 
the other a 20mm circular recess. A third sample was a 12mm thick aluminium plate 
with a 20mm quare rece. ote that these recesses were approximately 6mm deep in 
all c e had rounded corners (radius of approximately 3mm). 
A can f the te t ampJes was then performed, using a spatial frequency period 
of 1 mm, er an area of SOmm SOmm. The received waveforms at each scan position 
w re tored f r later analy i . 
J J Trorud<.Cer 
X-y Stage 
Defect 
Immersion 
Tank 
igur 7. ell mali diagram of the experimental pulse echo C-scan apparatus. 
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7.9.2 Results and discussion 
Typical waveforms received over the defect area in both the Perspex and 
aluminium plate are shown in Figure 7.39. The front face echo, first, and multiple back 
wall echoes are easily visible in both cases, with their phase inversions as expected. It is 
also worth noting the difference in the ratio of the amplitude of the front face signal to 
the first back wall echo (and also between the subsequent echoes) are different in the two 
materials, due to their differing acoustic impedances (Perspex (Acrylic) ~ 3.1 MRayl, 
Aluminium ~ 17 MRayI). The time between the main front face echo and the back wall 
echo is consistent with approximately 6mm of material in both cases. 
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Figure 7.39: Typical pulse-echo waveformjrom (a) Perspex plate, and (b) aluminium 
plate. (both with the transducer over the defect region) . 
The waveforms for the three scans were then processed to produce an image of 
the defect. Firstly, the peak-to-peak amplitude of the first back wall echo was measured, 
using the LabVIEW™ PixieLab program. This was used in windowed mode, so that the 
first back wall echo was only present in the window while the transducer was over the 
defect. A second analysis was also performed, this time measuring the time between the 
front face echo and the back wall echo. Figure 7.40 to Figure 7.42 show the greyscale 
images obtained using these methods, with the defect shown by the dashed lines, for the 
Perspex plate with the square and circular defects, and the aluminium plate with the 
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square defect, respectively. ote that darker areas represent high amplitude/value and 
the lighter areas lower amplitude/value. It is clear that an accurate representation of the 
defect in all cases has been obtained. The discrepancy between the sizes of the actual 
and mea ured defect is due to the finite size of the ultrasonic beam. Referring back to 
Figure 7.34, which hows the measured sound pressure field when driven by a transient 
excitation, it can e seen that at z=SOmm the width of the beam (-6db width) is 
approximately Smm. Thi resolution agrees with that observed on the images of the 
defect, where the blurred region of the edges (in the amplitude plots) are also 
appr ximalely Smm ± lmm in width. It should also be noted that there is little noticeable 
difference etw en the image of the square defect in the Perspex plate (Figure 7.41) and 
that f the aluminium plate (Figure 7.42), even though the acoustic impedance of the 
I tl r i gr at r y a fact r f appr imately five. Thus, this experiment illustrated that a 
cap Ciliv immer ion tran ducer i ea ily capable of imaging such defects in plates. 
<45 
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igur 7.40: Gr, ;yscale images of a 20mm square defect (shown by dashed line) on the 
r ar of a Pe 'P plate, imaged as (a) pk-pk amplitude of windowed back wall echo, and 
(b) time of am· val of first back wall echo. 
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igure 7.41: Greyscale images of a 20mm circular defect (shown by dashed line) on the 
rear of a Perspex plate, imaged as, (a) pk-pk amplitude of windowed back wall echo, and 
(b) lime of arrival of first back wall echo. 
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i ur 7.42: Greyscale images of a 20mm square defect (shown by dashed line) on the 
rear of an aluminium plate, imaged as (a) pk-pk amplitude of windowed back wall echo, 
and (b) time of am'val of first back wall echo. 
7.10 onclu ion 
h work pr ented In this chapter examined the development and 
characteri ti n of a capaciti e immersion tran ducer. 
The tran ducer was shown to exhibit different characteristics when operated in air 
and in immer ion, with a higher frequency response / bandwidth in the latter case. 
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Comparison to a commercial piezoelectric transducer (as a source) revealed similar 
amplitudes, and hence similar acoustic pressures. 
A series of brass backplates were manufactured with different surface roughness'. 
The effect of changing the surface roughness of the backplate on the characteristics of 
the device was investigated, as both sources and receivers. A linear relationship between 
the sensitivity of the device and the inverse square root of the surface roughness, and the 
nominal device capacitance, was observed. The effects of bias voltage were also 
investigated, showing there appeared to be a maximum sensitivity for the thickness of 
membrane. 
A set of backplates with arrays of holes ranging in size from lOllm to 40llm, and 
spacing from 20llm to 80llm, and approximately lilm in depth have been manufactured 
using photolithographic techniques. Comparison of these revealed only small 
differences in the frequency response of the device, with the larger holes / spacing 
perhaps exhibiting slightly higher bandwidth. However, these results were comparable 
with the earlier observation that the bandwidth was dominated by the interaction of the 
membrane with the flat polished areas of the backplate, and not with the holes 
themselves. 
The sound pressure fields emanating from the capacitive transducer were also 
measured, and compared to theoretical plane piston approximations. Good agreement 
was shown, demonstrating that the capacitive immersion transducer behaves as a plane 
piston radiator with uniform particle velocity across its face. 
Mica was examined as an alternative membrane material as the porosity of 
polymer films is known to be a problem with immersion devices. It was found to exhibit 
similar sensitivities to the Mylar membranes. Its frequency response as a receiver was 
also found to be similar. However, as a source, it was found to exhibit a lower frequency 
response than that of a similar Mylar membrane. 
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The transducer was used to demonstrate the imaging of defects in Perspex an 
aluminium plates using a pulse-echo C-scan method. Good images of the defects were 
obtained. 
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8 Conclusions 
8.1 Conclusions and further work 
The research work described in this thesis has been concerned with the 
development and characterisation of a number of new novel types of ultrasonic 
capacitive transducer. 
The first chapter introduced ultrasound, with a brief synopsis of its history, 
and how its usefulness in NDE applications were realised. The basic properties of 
ultrasound, such as propagation through a medium, transmission, and radiated field 
patterns were also described. 
Chapter 2 presented a review of capacitive transducer technology, 
describing the development of capacitive transducers, from the basic metallic 
backplate types, through to the most recent fully micromachined silicon devices. 
Basic device operation was also described, and alternatives to the capacitive design 
were examined, the most predominant being the piezoelectric based transducers, 
the merits and deficiencies of each were discussed. 
In Chapter 3, the fabrication and initial characterisation of new novel 
surface micromachined capacitive silicon transducers were discribed. These 
devices differed to others cited in the literature as they had a large lateral 
dimensioned silicon nitride membrane, whereas the former generally consist of a 
large number of individual cells, each of approximately 50J.lm in diameter. Their 
static membrane deflections were measured, with a snap down effect observed in 
one batch of devices. The transducers were characterised in air using a variety of 
techniques, and were found to be reversible, exhibiting frequency responses in the 
MHz region, with (-6dB) bandwidths of approximately 75%. Further experiments 
were performed to examine the effect of membrane thickness and lateral 
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dimensions on the transducer characteristics. Observed trends demonstrated that 
thinner membranes increased bandwidth, sensitivity, and centre frequency 
response. Little change in the frequency response was observed in devices of 
different lateral dimensions (lmm to Smm square), indicating that this was 
relatively independent of the size of transducer. The effect of applied bias voltage 
was also studied, with observed trends indicating increases in bias voltage resulted 
in increases in centre frequency response, with bandwidth remaining 
approximately constant. Finally, an initial experiment was perfonned with the 
transducers in immersion, with increased bandwidth and frequency responses 
observed. It was noted that the inherent operation of these devices is very complex 
and further work, using finite element analysis tools, such as MEMCAD, would be 
required to accurately model their operation. In the future work with arrays of 
such devices is envisaged; with studies on the problems of cross talk between 
elements, and incorporation of on-chip drive/receive electronics. 
Chapter 4 continued with the characterisation of the surface micromachined 
devices, with first an examination of their dynamic membrane displacements when 
driven with a broadband transient excitation signals, using optical interferometry. 
Typical measured displacements were of the order of a few nm, with the observed 
frequency response agreeing with measurements made in Chapter 3. The radiated 
fields from a selection of devices were also measured, using both broadband 
transient and narrowband tone burst excitations, and compared to theoretical plain 
piston approximations. Good agreement was found, demonstrating that they 
produced well-behaved sound pressure fields. 
In Chapter 5, the design and characterisation of two variants of line 
focusing transducer was described. One utilised a cylindrically shaped backplate, 
to produce a line of focus nonnal to its axis, and the other a conically shaped 
device, to produce a line of focus along its axis. Their frequency characteristics 
were studied, using a pulse-echo technique. The transducers, both utilising 
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polished brass backplates, were found to exhibit similar bandwidths of 
approximately 1.2MHz, with centre frequencies of -500kHz and -800kHz 
respectively. Their radiated sound fields were measured using both broadband and 
tone burst excitations, and compared to theoretical plane piston approximations 
with good agreement being found. Experiments were also performed to study their 
resolutions, using broadband transient excitations. Lateral resolutions of O.68mm 
and O.3mm. for the cylindrical. and conical. devices respectively were measured. 
In addition, their vertical resolutions were found to be approximately sllm and 
lOOllm correspondingly. Imaging of a two pence coin was performed using both 
devices. Both amplitude and time data were used to construct 3-D surface images. 
demonstrating their ability to image surfaces in reflected signal mode. Further 
work with these devices could examine additional applications. such as through 
transmission imaging systems. which would allow the examination of the internal 
structure of a material. 
In Chapter 6, another air-coupled focusing transducer utilising an off-axis 
parabolic mirror was described. Its frequency characteristics were examined. and 
it was found to exhibit a bandwidth and centre frequency of approximately 
700kHz. Its horizontal and vertical resolutions were determined using similar 
methods used for the shaped backplate devices described in Chapter 5. These were 
O.smm and sllm respectively. It was used to successfully image a two pence coin, 
using both amplitude and time of arrival data. 
In Chapter 7. the design, construction, and characterisation of a capacitive 
transducer for use in immersion were described. Experiments demonstrated that 
improved performance resulted when it was in immersion (as opposed to operation 
in air) with increases in bandwidth and centre frequency response. Several 
roughened and polished brass backplates were manufactured and were used to 
study the effect of surface properties on the characteristics of the device, as both 
sources and receivers. A linear relationship between the sensitivity and the inverse 
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square root of the surface roughness of the backplate, and its capacitance was 
observed. The high frequency operation observed in immersion was thought to be 
produced by the flatter parts of the backplate, hence higher sensitivity was 
observed with the smoother backplates. Another selection of backplates was 
manufactured using a photolithography process. These contained a series of pits 
ranging from lOJ,lm to 40J,lm in diameter, and IJ,lm deep. Comparison of the 
characteristics of the device when fitted with these backplates revealed little 
differences between them. These results were compatible with those observed for 
the roughened/polished backplates, where the frequency response was dominated 
by the interaction of the membrane with the flatter parts of the membrane. The 
effects of bias voltage were also investigated, showing there appeared to be a 
maximum sensitivity for the thickness of membrane. Their radiated sound pressure 
fields were measured, using both broadband transient and narrowband tone burst 
excitation signals. These were compared to theoretical plane piston 
approximations, with good agreement being found. Mica was also investigated as 
an alternative membrane material and was found to exhibit similar sensitivities to 
Mylar membranes. Its frequency response as a receiver was also found to be 
similar. However, as a source it was found to exhibit a lower one than that of a 
similar Mylar membrane. Finally, the transducer was also demonstrated in a pulse-
echo application, where defects were imaged in Perspex and aluminium plates. 
Good results were obtained, demonstrating that these transducers could perform 
the same application as traditional piezoelectric transducers. 
It is felt that the work covered in this thesis has increased knowledge in the 
area of capacitive transducers, with the development and characterisation of a 
number of new novel transducers. It is hoped that these will be useful for use in 
future NDE and measurement systems. 
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Appendix A - Equipment Specifications 
Panametrics 5055PR Pulser-Receiver 
Maximum pulse amplitude 
Pulse repetition rate (internal) 
Damping range 
Minimum rise time 
A vailable pulse energy 
Voltage gain 
Input Impedance 
Output Impedance 
Noise Levels 
Bandwidth 
Cooknell CA6/C charge amplifier 
Input impedance 
Sensitivity 
Series noise voltage generator 
Parallel noise current generator 
Bandwidth 
Max output level 
Avtech AVRI-C-l Pulser unit 
Output 
Pulse width 
Delay 
Repetition rate (internal) 
Pulser 
-2S0V into son 
-3s0v into 2s0n 
100-2000Hz 
10-2s0n 
IOns 
18-110~ in 4 steps 
Receiver 
40dB (xIOO) or 60dB (xIOOO) selectable 
soon 
son 
so).lv pk-pk referred to the input 
1 OkHz-1 OMHz 
loon above 10kHz 
2s0mV/pC 
0.6nV/fHz typical 
4xIO-14AlfHz typical 
<10kHz to > 10Mhz 
1 V rms into 50n 
0-1000V positive square pulse 
0.1 J.ls to 5 J.ls 
0.1 J.ls to 5J.ls 
1Hz to 10kHz 
Computer controlled scanning stages 
Two Thomson liner stages: Fitted with synchronous stepper motors 
Motor steps per revolution 400 
Motor steps per mm 80 
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Maximum stroke 
Accuracy 
Repeatability 
Appendix A Equipment Specifications 
526mm 
0.023mm per 300mm of travel 
0.005mm 
Precision Acoustics 1 mm circular hydrophone and submersible preamp 
Probe frequency response 
Preamp frequency response 
Combined sensitivity 
Sensor material 
Preamp 
Class A (±2dB) 3 to 12MHz 
Class B (±4dB) 200kHz to 15MHz 
10kHz to SOMHz (-3dB) 
5kHz to 100MHz (-6dB) 
970m V /Mpa @ 3MHz 
28~mPVdF 
Briiel & Kjrer piston phone sound pressure calibrator (type 4231) 
Sound pressure level 
Level step 
Frequency 
Distortion 
Reference conditions 
94.00dB ±0.2dB (re 20~Pa at reference conditions) 
20dB ±O.ldB 
1000Hz ±0.1% 
<1%THD 
Temperature 20°C 
Pressure 10 13hPa 
Humidity 65% RH 
Briiel & Kjrer 1/S" microphone (type 413S) and 2670 preamp 
Combined sensitivity 
Microphone Capacitance 
Calibration conditions 
-66.18 dB re IVlPa 
0.49 mVlPa 
3.4pF 
Polarisation voltage 200V 
Frequency 2S1.2Hz 
Pressure 101.3 kPa 
Temperature 23°C 
Humidity 50% RH 
Matec Gating modulator (model 5100) and RF Gated Amplifier (515A HP) 
Frequency Range 
Pulse widths 
Peak RF voltage 
500kHz to 20MHz, 6 ranges, final stage 
continuously tuneable. 
<0.5~s to 1000~s 
550V 
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Appendix B - Matlah™ program listings 
Rectangular transducer field calculation program listing (used to predict fields 
from the micromachined transducers. Calls rectangular impulse response function 
recimpulse.m listed below) 
recfield . m 
Calculates sound pressure field from a rectangular plane piston source . 
Written by T.J. Robertson 10/5/99 
, •• • •• •• • • • •• • • •• • •• • •• ++ 
%" Transducer variables ' 
, ..... ....... •........... 
' Width (m) 
width-Se-J ; 
\Leng t h (m) 
l ength-Se- J ; 
" ..... ................................ ............ .. 
, "'Grid size and step set - up ' 
, .. " ................. ... .. . ..... ...... ... . ........ .. 
' Number of pOints on the x axis (half scan) 
xmax-38: 
,x step size (m) 
xstep·O.2e-3 : 
' Number of points on the z axis 
zmax- l SO; 
U step size (m) 
zstep-O.2e-3 : 
%Y position for field calculatlon (usually 0 i . e . centre of transducer) 
y-O 
%rnita l ise arrays 
amp-zeros (xmax ' zmax, 1): 
%Speed of sound i n medium (m/s) 
c-343. 4 
' Censity of medium 
density- I . 2; 
, .•.......... •..•.......•..... .. 
' ·" Input wavetorm initialisation· 
, ................ , .. ' ........... . . 
' Frequency of excitation (Hz) 
f-500e3; 
' Constant for wave equation 
K-O.5; 
' Time interval used 1n calcu l ation 
delta_t-2e-8; 
%ca l c drive ve l oci t y waveform (v(t)) and differential of drive velocity (V(t)-dv(t)/dt)) 
for T-I: 2000 
end 
t- (T-1 ) 'delta_t ; 
tm(T)-t ; 
thta-2 +pi +f +t : ) 2" .t"3 " (K·f"' t)" i (tht ) .. i·t V( T).3 . c +t ... 2 ~ exp(-K.t+t ).cos(thta)-c.t ... 3 ~ K . f.exp( -K . f . t) · cos{thta - c exp - s nap ; 
v(T)_c · t"3 *e xp( - K*t +t) *cos(thta); 
tor Z-I: zmax 
Z 
z· (Z) · zstep: 
for X-I: xmax 
x- (X- ! ) ·xstep; 
%Call impu l se response recimpu l se .m function. 
h.recimpu l se(w i dth, length , x , y , z , 2000, del t a_t, z/c- SOe-1) ; 
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end 
end 
h fft-fft(h,20481; 
con-itft (h_fft. 'V_fftl; 
p-(real(con)*delta_t ' densityl; 
amp((Z-l l ' xmax+XI-max(pl-min(pl; 
t Mirror field and create amplitude map 
amp-reshape(amp,xmax , zmax); 
amp2-amp(2:xmax , :) : 
amp2-flipud(amp21 ; 
ampt-(amp2; amp] ; 
\Ca lculate Grid 
z_meshgrid(O:zstep'le3:((zmax-11 ' zstep'le3I , ll; 
x_meshqrid(-(xmax-l).xstep'le):xstep ' le3: (xmax- l)·xstep *le3,1); 
%P lot result 
mesh(z,x , ampt); 
Rectangular impulse response function 
recimpulse.m 
' Function returns impulse response , at posit i on x, y , z 
' fo r a rectangular tran.ducer of .ize width by length 
' at position 0,0 , o. Impulse response calculation from 
' '' Diffraction impulse response ot rectanqular transducers" 
t J. Lui., S. Emeterio, L.G. Ullate J. Acoust . Soc . Am Vol. 92 , 
%No. 2, Pt. 1., 1992 
% 
%Written by T.J. Robertson 8/5/99 
%Function arguments are as tollows : 
% 
' width - width ot rectangular transducer (in m) 
%length - length of rectangular transducer (in ml 
%x , y , z - coordinates at which to calculate impulse response (in m) 
%tmax - end time (no. of step.1 
%t.tep - time increment (delta tl 
%t.tart - off.et time (in .1 
function Qut-recimpulse(wldth, length, x, y , z , tmax , tstep , tstart) 
A-width/2; 
B-lenqth/2 ; 
c-343 . 4; 
%reserve array memory 
d-zeros (1, 41 ; 
a l pha-zeros( l,4 1; 
TS-Zeros (1, 4): 
ivp-zeros(l , tmaxl ; 
d (ll-x-A; 
d(21-y-B ; 
d(JI-x+A; 
d(41-y+B ; 
%Define time intervals 
Ta_(Sqrt(d(1IA2+d(2I A2+zA21 /cl 
Tb_(.qrt(d(2I A2+d(JI A2+z A21/cl 
TC_(sqr t(d(1IA2+d(4IA2+zA21/cl 
Td- (sqrt (d (31 A2+d (41 A2+ZA21/cl 
Tm-min (Tb , Tel ; 
TM-max (Tb , Te) ; 
TO-z/c; 
for i-1 : 4 
T'(il _(.qrt(d(il"2+zA21/cl; 
end 
%Determine current geometrical region 
it (x>-A & y>-SI 
reqlon-1i 
el.eif (x<-A & y>-SI 
reQ10n-2: 
else!! (x >-A & y<-BI 
region-3; 
elseH (x<-A & y<-SI 
re910n-4: 
end 
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%Ca l culate impulse response dependlnq on reqion and current time interval . 
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tor T-l: tmax 
t-(T-l)'t.tep.t.tart; 
.igma-sqrt (c"2't"2-z"2) .eps; 
tor i-l:4 
a (i) -asin (d (i) /sigma); 
ab (i) -.ign (d (i) ) 'a.in (min ( (abs (d (i) ) /sigma) • 1) ) ; 
end 
' Test to .ee if within first time period 
if (O<t , t<Ta) 
switch region 
case 2 
if (T. (2) <t) 
ivp (TI-pi- (Z'a (2) ) ; 
end 
C45e 3 
if (Ts(l) < t) 
ivp(T)-2'ab(3)-2'a(l) ; 
end 
case 4 
if (TO<t) 
i vp (T) --Z'pi-2'ab (1) -2'ab (Z) '2'ab (3) '2'ab (4) ; 
end 
end 
end 
ne.t to .ee if within second time period 
elsei! (Ta<-t , t<-Tm) 
switch region 
case 1 
ivp(T) -pi/2-a(l)-a(2) ; 
ca.e 2 
ivp(T)-pi/2-a(1)-.(2); 
case 3 
ivp (T) --pi/2-a (1) -a (2) .2'ab (3) ; 
case 4 
ivp (TI-- ( IJ ' pil/21-' Ill-a (2).2 ' ab IJ) .2'ab 141 ; 
end 
%Te.t to .ee if within third time period 
else!t (Tm<-t , t<-TM , Tb<-Tc) 
.witch region 
case 1 
ivpIT)--a(I)'aI3) ; 
case 2 
ivplT) --pi-a (l).a 13) .2'.b 14) ; 
case 3 
ivpIT)--all)'aI3) ; 
case 4 
ivp (T) --pi-a 11) .a131 +2 ' ab 141; 
end 
el.eH (Tm<-t , t <-TM , Tc<-Tb) 
switch reqion 
case 1 
ivp (T) --a (2) +a (4) ; 
case 3 
ivp (T) --pi-aI2) .2'.b (3) +a (4) ; 
case 4 
ivp (T) --pi-a 12 ) .2'.b (3)'a (41 ; 
end 
' Te.t to .ee it in fourth time period 
elseH (TM<-t , t<-Tdl 
ivp(T)--pi/2+ (31+0141; 
end 
' Complete impulse respon.e calculation 
h-ivp . /(2 'pi/c); 
' Return impulse responce 
out-h ; 
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Cylindrically focusing transducer radiated sound pressure field prediction 
program listing (calls rectangular impulse response function recimpulse.m listed 
above) 
cylindfield.m 
%Program cylindfie 1d.m 
' This program calculates the sound pressure field 
' from a cylindr i ca ll y concave focusing transducer. 
\ Wri tten by T.J. Robertson 21/7/99 
' clea r varable space 
clear all 
, •..•...•...•........•... 
, •• Transducer variables ' 
, ...........•.....•...... 
%Radius of cur vatur e of transducer (m) 
R-28e-3 ; 
\ Width of transducer (m) 
trans_ width-19. Se- 3; 
~ Length ot transducer (m) 
trans_l ength- 43e- 3 ; 
, ............................... .. 
" Medium cons tan t s · 
' Velocity of sound 1n medium (m/s) 
c-3 43 . 4 
%Density of medium 
dens1ty-l . 2 ; 
, ............................................... . 
' •• "Grid size and step set-up' 
, ........ .......................... ... ........ .. 
" Number of points on the x axis (hal r sca n ) 
xmax-40; 
,X step size (m) 
xstep-0.25e- J; 
,y position for field calcul ation (usually 0 i.e. cent re of transducer) 
y-O 
' Number or points on the z axis 
zmax-200 ; 
\Z step size (m) 
zstep-0.25e-3; 
' Number of pa ir. o f strips to use in approximation 
N-30 ; 
%Window pre-trig delay (s) 
, .............. * ••• ** •••••••••••• 
' ··Input waveform initialisation· 
, .............................. ". 
' Waveform constant 
K-0 .5; 
%Frequency o f pulse (Hz) 
f- 100003 ; 
' Delta t (5) 
delta_t-4e"'S; 
%Initalise s t orage matricies 
p amp-zeros(xmax · zmax , l ); 
h -strip-zer os (N , 2000) ; 
h - I-zeros (1 , 2000) ; 
h:s-zeros (1 , 2000); 
' Ca lculate time input waveform vItI and V(t)-dv(t)/dt 
for T- l: 2000 
t-(T-l) 'delta_t; 
thta-2 +pi *f* t; ... i t t · 
V (Tl -3*c-t "'2 * exp (-K* t * t) " cos (thta) -c*t "'3 *K" f +exp (- K * f * t) " cos (thta) -2"c * t"'3·exp (-K* f* t) · sin (thta) P , 
v(Tl_c *t"'3 *exp(-K*r*t) · cos(thta) ; 
end 
%Calculate !tt of vItI 
v_ttt- tft (V , 20 48); 
%St art field calculation 
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'Step throuqh each field position 
tor Z-l: zmax 
dlsp(sprintt{ ' ProcessinQ row: I d out of \ d . . . . . ... \n\n ',Z,zmax » 
z-(Z - l) · zstep: 
for X-l: xmax 
x-(X-l) ' xstep; 
' Calculate impulse response ot .tripl.) i at point x, y, z. 
delta x-trans width/ (2 'N); 
tor i~l:N -
x i-delta x ' i; 
wIdth-2 ' x:i; 
' Calc z-mod (ditterence to shitt strip position from z-O ) 
z_mod-R-.qrt(R"2-(x_i-(delta_x/2»"2); 
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l Call reclmpulse lunction to calculate impulse response due to strip pairs at current position 
' Note that fir.t strip i •• inqle strip not .trip pair 
it i -- 1 h_.trip(l , :)-recimpulse(width, tran._len9th , x, y, z, 2000 , delta_t , (sqrt(z"2+x"2)/c)-pre_delay) ; 
else 
h l-reclmpulseCwidth, trans len9th, X, y, (z-z mod), 2000, delta t, (sqrt(z .... 2+x"'2)/c)-pre delay); 
h .~recimpulse«width - (2 ' delta_x», tran._lenqth, x, y, (z-z_mod), 2000, delta_t , Isqrtlz'2+x"2)/c)-
pre delay);-
- h .trip(i , :)-h l-h s; 
end - -
end 
' Calc impul.e r e.ponse due to .trips by the summinq of all the strip impulse re.ponses: 
h_imp-zeros(l , 2000) ; 
tor i-1:N 
h_imp-h_imp + h_.trip(i,:); 
end 
' Calc pre •• ure tield: by convolutinq impulse response with Vlt) 
I Note that this is achieved by multiplyinq fft ' s then performinq an inverse ttt 
imp_ttt-tIt (h_imp, 2048); 
p-den.1ty'real 11tH limp_ttt. 'V_ftt » 'delta_t; 
\ Calcluate pk-pk pressure amplitude trom pressure waveform 
end 
end 
' Reshape array and mirror tor -ve x values . 
amp-reshape(p amp , xmax , zrnax) ; 
amp2-ampIZ:xmax . :); 
amp2-tlipudlamp2); 
ampt-(ampZI amp); 
z-meshqrid(O:zstep.le3: ((zmax-l)·zstep+le3) , 1) ; 
x-me.hqrid (- (xmax-l) ' xstep'le3 : x.tep 'l e3: (xmax- l) 'xstep'le3, 1) ; 
.ave SOOkhz_10nw_b ampt z x 
\Plot pressure field 
mesh(z,x , ampt): 
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Conically focusing transducer - radiated sound pressure field prediction program 
listing (calls circular impulse response function circularimp.m listed below) 
conicfield.m 
' This program calculates the sound pressure field 
' trom a cylindrically concave tocusing transducer. 
' Written by T. J. Robertson 3/S/99 
' Clear workspace 
clear all 
, .................................................... .. 
"'Grid size and step set-up' 
.......... , .. ".,', ......... . 
xmax-40 
zmax-320 
xstep-O.25e-); 
zstep-O.25e-3; 
•• Transducer variables' 
I ·· ...................... •• .............. " .. 
inner dla-26e-3; 
outer-dia-60e-3 : 
angle;;45 ; 
' calc angle in radians 
theta-langle/lSO} ' pi ; 
, ................................ .. 
"Medium constants · 
, ................................ .. 
' Velocity ot sound in medium Im/s} 
c-343.4; 
, Number ot annuli 
N-lOO; 
, Density ot the medium 
dens! ty-l. 2, 
\ Sampling period used in calculation 
ddt _t-1.5e-S ; 
' Setup arrays 
p amp-zeros(xmax · zmax ,l ); 
trans-ones (xmax · truax, 1) ; 
imp_ann-zerosIN.4000}; 
, .......................................................... .. 
" 'Input waveform initialisation" 
, ................................. . ,."."., ... . 
, Frequency ot toneburst 1Hz} 
f-500e3 I 
, Waveform constant 
K-O.S; 
' Calculate time input waveform vlt) and Vlt}-dvlt}/dt 
t or 1-1:4000 
t-IT-l}'delta t; 
tmIT}-t; -
thta-2 · pi · t·t; V(T)-3'c ' tA2 ' exp(-K't+t)'cos(thta)-c'tA3'K+t t exp( -K+t+ t)· co5(thta)-2 · c · t~3·exp(-K·f+t)+sln(thta)·pi·f; 
vIT}-c'tA3'expl-K't't}'coslthta}; 
end 
, Ca l culate the tft ot the impulse r esponse. 
V_fn-ttt IV. 4096} ; 
delta z-delta rltan Itheta } 
z min;;!nner dI.1 12 ' tan I theta} } 
z:max-outer:dial 12 ' tan Ith e ta }} 
' Sta rt !leld calculation 
' St e p through each field position 
for X-l: xmax 
displsprinttl 'P rocessing row: ' d out of ' d . ....... \ n\n·. X.xmax} } 
x-(X-l ) 'xstep; 
tor Z-12:zmax 
z-(Z-l) 'zs tep; 
for i-l:N 
a-Ili-l } 'Ide lta_r} }+linner_dia/ 2} -ldelta_r/2} ; 
z_mod-z_min+ld.lta_z ' l i-l }} ; 
'Calc z-mod Iditter.nce to shitt annuli position from z-O } 
it Iz <_ z_mod} , I IH%Step} > z_mod} , Ix <- a} , Ilx+xstep} > o} 
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trans IIX-I) • zmax+Z) -0 ; 
end 
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%Calculate impulse responces of large and small circular sources and subtract for impulse 
%responce trom annuli. 
imp l-clrcularlmp(x,lz-z mod).a , c,delta t,4000, Isqrtllz-z min) ' 2+x'2)/c)-IOe-7); 
imp s-circular1mplx,lz-z mod)~la-delta r).c,delta t,4000,lsqrtllz-z min)'2+x'2)/c)-IOe-7); 
imp:annli, :)-imp_I-imp_s; - - -
end 
imp-zerosll,4000); 
' Calc impulse response due to annuli by the summing all the impulse responses: 
ror i-l:!1 
imp-imp + imp_ann Ii, :1; 
end 
' Calc pressure field: by convoluting impulse response with Viti 
~Note that this is achieved by multiplying Ht ' s then performing an inverse rft 
imp rrt-rrtlimp,40961; 
-con-Utt limp Ht.·V rttl; 
p-density'real (con 11: 20'0011 'delta_to 
' Calcluate pk-pk pressure amplitude trom pressure waveform 
p_amp I IX-li ' zmax+Z) -max Ip) -min Ipl; 
end 
end 
' Transrorm pressure field to make complete and add scales. 
p amp·p amp.·trans: 
p-amp-reshape(p amp,zmax ,xmax); 
p-amp2-p ampl:,2:xm x); 
p-amp2-fTiplrlp amp21; 
amp-[p_amp2 p_amp); 
z-meshqrid 10: zstep'leJ: I I zmax- ll 'zstep ' leJl, 1) ; 
x-meshgrld(-(xmax-l)'xstep'le3:xstep'le3: (xmax-l)'xstep'le3,1); 
' Display field 
mesh(x,z,amp); 
Circular impulse response calculation function 
circularimp.m 
' Function returns impulse response, At position x, y, z 
Hor a circular transducer. Impulse response ca l culation from 
' J .C. Lockwood, J.G. Willette, "Hiqh-speed method tor computing 
Hhe exact solution for the pressure variations in the nearfield 
' of a battled piston", J . Acoust. Soc. Am., vol. 53, no. 3, pp. 
' 735-741. 1973. 
' Written by T.J. Robertson J/5/99 
' Function arguments are as follows: 
, 
Ie - radius of transducer lin ml 
\ x,y,z - coordinates at wh1ch to calculate impulse response (in m) 
\ tmax - end time Ino . of stepsl 
i tint - time increment Idelta tl 
Hs tart - oUset time lin sl 
tunction out-clrcularimp(x,z , a , c , tint , tmax , tstart); 
, Calculate time intervals 
tl-z/c; 
t2-lsqrtlz'2+lx-a)'2)I/c; 
tJ-lsqrtlz'2+lx+a)'21)/c; 
' Reserve array memory 
imp·zeros(l , tmax); 
' Calculate impulse response dependinq on region and current time interval. 
for T-1: tmax 
end 
t-(T-l)·tint+tstart ; 
' for all instances where time between t1 and t2 then: 
if tl <t & t<t2 
, If radial position less than radius of transducer then 
it x<a 
impITI-l; 
, it radial position equal to radius of transducer then 
elsei! x--a 
impITI-0 . 5; 
l if radial position x greater than radius of transducer then: 
elui! x>a 
impITI-O; 
end 
' tor all instances where time is between t2 and t3 then: 
elseif It2<t & t<t31 
imp (T) - (1 /pi) • acos ( (c"2 '" t .... 2-z .... 2+x ... 2-a"2) / (2 "x " sqrt (c""2· t "2-z""2) ) ) ; 
end 
' Finally calculate impulse response by multiplying by c. 
out-c "lmp; 
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Circular transducer field calculation program listing (used to predict fields from 
the immersion transducer). Calls circular impulse response function circularimp.m 
listed above. 
circfie ld . m 
This program calculates the sound pressure tield 
trom a circular plane piston source. 
Kritten by T.J. Robertson 2/5/99 
Clear environment apace 
clear all 
··"Grid slz8 and step .8 -up' 
Number ot point. on the x axl. (radial axis) (halt scan) 
XIIAX-40 
Number ot points on the % axi. (axial axis) 
zmax-lOO 
\ X step size (III 
xatep-0.5e-J; 
Z step size (m) 
ZltepaO.5e-3, 
InUaUse arrays 
p_amp-zerol(xmax'zmax,l'l 
, •• Tran.ducer variables' 
Radius (ml 
.-Se-31 
'Medium constants ' 
'Velocity ot sound in medium (m/s) 
c-1484, 
Density ot medium 
density-lOOO; 
" Inpu wavetorm initi.li.ation ' 
.. " ............... " .. " .............. " ............. .. 
Frequency ot excitation (HzI 
t-3000000; 
' Constant tor w ve equation 
K-0.5; 
' Time interval used in c lculation 
delta_t-1e-8 ; 
~C lculate time input wavetorm vet) and V(t)-dv(tl/dt 
tor T-I: 4000 
t-(T-I)'delta tl 
tm (TI at; -
tht.-2 ' pi ' t ' t; V(TI-3 ' c ' t~2 ' exp(-K.t' t' · cos(thta)-c·t~3 ' K · t·exp(-K · t ·t ) ' cosfthtal-2'c "t AJ t exp(-K'f't ) ' sin(thta) ' pi-f; 
v(T)-c · t") "exp(-K"t" t) ' cos(thta); 
nd 
Calculate FFT ot VIti 
v_ttt-ttt(V.4096) ; 
~ Start field calculation 
' St p through each tield position 
tor X-l: xmax 
disp(sprintt( 'Processing row: \ d out ot \ d . . .. .. .. \ n\n '. X.xmax)) 
x-IX-l)'xstep; 
tor Z-l: zmax 
z-(Z-l) ~ zstep : 
Call circular impulse response function to calc impulse 
response at position x. y 
Imp-clrcularlmp« x, z, a , c , delta_ t, 4000 , I aqrt (z ... 2.x .... 2) Ie) -10&-7) ; 
Calc pressure field: by convo l utinq impulse response with Vlt) 
Note that this is achieved by multipl ying ttt ' 5 then pertorming an i nverse ttt 
imp ttt-ttt (imp. 4096); 
con;;ittt (imp ttt. "V tttl; 
p-densitY'real(con(1:4000) ' delta_t; 
' Get pe k presure 
p amp«X- l ) · zmax+Z) -maxCp) -mi n (p ) ; 
end -
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end 
%Reshape array and mirror for -ve x values 
p amp-reshape (p amp , zmax , xmax ) ; 
p - amp2 z p amp I : ,2: xmax) ; 
p - amp2-fliplr Cp amp2); 
a;;;p- (p_amp2 p_a;;;pl; 
%Calculate x and z coordinates 
z-meshgr1d 10: zstep'le3: II zmax-l) • zstep ' le3) , 1 ) ; 
x-meshqrid (- (xmax-l ) ·xstep*l e3: xstep*le3: (xrnax-l) .. xstep"le3, 1) ; 
%Plot pressure tield 
mesh (x , z , amp) ; 
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Conically focusing transducer design 
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. Transducer Designs ImmersIOn 
design drawings . C - Transducer Append~lx~_ 
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Port C: AluMiniuM end Cop 
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Po.rt D: rilL,II'liniuf") Bo.Ckplo te Support 
(for insertion into POI" D 
7 
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Port E: Nyl on Insulotor 
(F"or inser ion into por B) 
